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THE BIOSYNTHESIS OP PORPHYRINS AND HAEMS
C H A P T E R  I 
GENERAL INTRODUCTION 
1• Porphyrins and tetrapyrrole pigments«
The occurrence of haems and chlorophylls in nature 
has created considerable interest over a long period.
These pigments and their porphyrin precursors have long 
been the subject of chemical investigation. Perhaps the 
most significant of the early studies occurred between 
1867 and 1871, when Thudichum (1867) and Hoppe-Seyler 
(1871) prepared metal free porphyrins from haem compounds.
Since that time, however, a vast knowledge of the 
chemistry of many tetrapyrroles has accumulated, due mainly 
to the studies of Willstätter and Hans Pischer. Between 
the years 1912 and 1944, Willstätter studied chlorophyll 
and its porphyrin derivatives, while Pischer examined the 
haems and many related porphyrins. Much of the work of 
this period on the chemistry of pyrroles, porphyrins and 
metallo-porphyrins has been recorded by Pischer & Orth 
(1937).
The correct tetrapyrrole ring structure for 
the porphyrins was first proposed by Küster (1912),
This structure however, was not generally accepted until
2.
>jc1929, when the complete synthesis of protoporphyrin IX 
(Fig. 1t (4)) and protohaem IX (Fig. 1, (5)) by Fischer 
& Zeile (I929)t firmly established the cyclic structure 
of the porphyrin nucleus. Fischer's investigations, 
including the novel proof of the cyclic nature of the 
porphyrin structure by the method of "progressive pairing 
of quadrants", has been reviewed by Corwin (1943)*
The recognition of abnormalities in porphyrin 
metabolism in various pathological conditions stimulated 
much of the early interest in porphyrin and haem metabolism,
Hbut the impact of Fischer*s and Willstatter*s studies 
aroused further interest in the biological aspects of 
bile pigments, porphyrins and metallo-porphyrins. Methods 
were developed to study these compounds in biological 
materials and these biochemical investigations resulted in 
an increased awareness of the multitude of biological 
processes with which the tetrapyrrole pigments are intimately 
associated. The results of these earlier biochemical 
investigations and the techniques which arose from them 
have been reviewed by Lemberg & Legge (1949).
The biological importance of the chlorophyll pigments 
of both plant and bacterial origin in the process of photo­
synthesis is well known, though the way in which the
* See page viii
3.
chlorophylls participate is still not understood in detail* 
The haemoproteins, which include cytochromes, catalases, 
peroxidases, haemoglobins and myoglobins are known to be 
intimately concerned with photosynthesis, cellular 
respiration, hydrogen peroxide metabolism, oxygen and carbon 
dioxide transport, oxygen storage and possibly symbiotic 
nitrogen fixation*
Haemoproteins occur in nearly all living cells but 
they are absent from some anaerobic micro-organisms (Keilin, 
1925; Fujita & Kodama, 1934; Frei, Heedmuller & Almasy, 
1934)* The anaerobic mode of life, however, is not 
characterized by the absence of haemoproteins as was 
previously suggested by Keilin (1925), since it is now 
known that many anaerobes possess cytochromes (cf. Kamen, 
I960).
It is interesting that the only well-established 
function of the porphyrins and their reduced hexahydro- 
derivatives, the porphyrinogens, in the normal cellular 
metabolism of animals, plants and micro-organisms is that 
of precursor in the biosynthesis of the biologically active 
chlorophyll- and haemo-proteins (Fig* 9)*
2* The biosynthesis of porphyrins and haems*
The study of porphyrin and haem biosynthesis provides 
a classical example of the use of isotopic labelling
4.
techniques to trace a biosynthetic pathway* This 
biosynthetic sequence has been studied extensively in 
animal tissues, especially avian erythrocytes, and studies 
have been extended to porphyrin and chlorophyll biosynthesis 
in green plants and micro-organisms*
The course of the investigations into haem biosynthesis 
has followed a well established biochemical pattern* The 
first experiments were carried out in vivo* Later 
experiments were conducted in vitro upon intact cells and 
later upon cell-free preparations* Amongst the more recent 
studies are reports of the isolation and part purification 
of individual enzymes concerned in haem synthesis*
The biosynthesis of porphyrins, haems and chlorophylls 
has been the subject of many reviews in recent years 
(Shemin, 1955, 1956 a, b, c; Rimington, 1954, 1955, 1957, 
1958; Bogorad, I960; Margoliash, 1961; Granick &
Mauzerall, 1961)*
Prior to 1945, nothing was known about the biosynthesis 
of protoporphyrin or protohaem* Fischer’s theory that 
protoporphyrin was a degradation product in haem metabolism 
and that coproporphyrin III (Fig* 1, (3)) and uroporphyrin 
III (Fig. 1, (2)) were formed from it by carboxylation 
reactions was still generally accepted*
5The first insight into the long chain of biosynthetic
reactions which results in the formation of protohaem
followed the isotopic labelling experiments of Shemin &
Rittenberg (1945, 1946 a, b). These workers showed 
1 5that [ N^) glycine was incorporated into the circulating
haem of man and animals and contributed equally to the
labelling of all four nitrogen atoms of the tetrapyrrole
nucleus. Bloch & Rittenberg (1945) found that the
2administration of H labelled acetate led to the incorp­
oration of deuterium into circulating haem. In this way, 
glycine and acetate were found to be precursors of haem.
As early as 1946 and following the discovery that 
glycine and acetate were precursors of protohaem, Lemberg 
(1946, 1955 a, b) and Lemberg & Legge (1949) suggested 
that uroporphyrin, coproporphyrin and protoporphyrin were 
precursors of protohaem rather than degradation products 
as suggested earlier by Fischer. This theory was based 
upon the assumption that the decarboxylation and oxidative 
decarboxylation reactions involved in the conversion of 
uroporphyrin to protoporphyrin, by way of coproporphyrin, 
were more likely than the reverse carboxylations. Lemberg, 
in enunciating his theory, also predicted the participation
6
of the citric acid cycle in haem synthesis. Lemberg 
reasoned that if uroporphyrin was the first tetrapyrrole 
unit in the synthesis of haem, then the monopyrrole 
precursor (Fig. 1, (1)) would likewise bear acetic- and 
propionic- acid side-chains. It was proposed that such 
a precursor might be formed by the condensation of two 
molecules of «(-oxoglutarate, formed from acetate by citric 
acid cycle activity, with two molecules of glycine. A 
reaction sequence similar to that proposed by Lemberg is 
shown in Figure 1•
Many of the individual reactions postulated have 
subsequently been proved incorrect but in broad outline 
the sequence predicted by Lemberg in 1946 was found to be 
correct.
The discovery that haem could be formed enzymically 
in vitro greatly assisted the investigation of the sequence 
of reactions involved in haem biosynthesis. Shemin,
London & Rittenberg (1948) first demonstrated haem 
synthesis in vitro from glycine by a suspension of duck 
erythrocytes. Haem synthesis by cell free systems was 
later demonstrated using bone marrow homogenates (Altman, 
Salomon & Noonan, 1949), rabbit spleen homogenates 
(Altman & Salomon, 1950), haemolysed chicken erythrocytes 
(Falk & Dresel, 1952) and was also demonstrated in ,
Figo 1o A scheine for the "biosynthesis of protohaem IX 
(5)0 The groups removed in the first reaction are shown 
in parentheseso Abbreviations for substituents, used
in figures and tables, are standard throughout the 
thesis and are listed on page viii.
8 #
haemolysed duck erythrocytes (Shemin & Kumin, 1952 a;
London & Yamasaki, 1952).
Another study which greatly influenced investigations 
of haem biosynthesis was made by Wittenberg & Shemin (1950) 
and Shemin & Wittenberg (1951)* These workers devised a 
stepwise chemical degradation of protohaem and proto­
porphyrin whereby each carbon atom of the tetrapyrrole 
nucleus could be unequivocally isolated. With this technique 
it was possible, using labelled substrates, to determine 
the activity and origin of any particular carbon atom in the 
porphyrin nucleus.
3. Glycine in haem biosynthesis.
Following the discovery that acetate and glycine were 
precursors of circulating haem in both man and animals,
Radin, Rittenberg & Shemin (1950 a) studied haem synthesis 
in vitro from [«(-^C ] glycine and [carboxy-^C] glycine in 
duck blood. They found that the «(-carbon atom, but not the
carboxy-carbon atom, was incorporated into the haem formed.
15They studied also the simultaneous incorporation of N and
1 A. labelled «(-carbon atoms from glycine into haem. They 
showed that eight carbon atoms and four nitrogen atoms of 
the haem molecule were derived from glycine. This 
demonstration that two «(-carbon atoms were incorporated for
9
each nitrogen atom used* showed that for every two molecules 
of glycine involved one nitrogen atom was lost during the 
synthesise This nitrogen atom is lost as ammonia during 
the condensation of four molecules of porphobilinogen 
(PBG) (Fig<> i, (i)) to form a tetrapyrrole (see Fig* i)<> 
V/ittenberg & Shemin (1950), using their haem 
degradation procedure, showed that the eight carbon atoms
•4 A
of the haem nucleus derived from[oc— C^] glycine were 
incorporated into the positions shown in Fig* 2 0 The 
origin of the other twenty six carbon atoms of the haem 
molecule was still unknown»
Fig» 2. The incorporation of the <=<-carbon atom of
glycine into protohaem«
10.
The in c o rp o ra tio n  of g ly c in e  in to  haem has been 
confirm ed in  whole anim als (Muir & N euberger, 1950), in  
ch icken  blood (D rese l & F a lk , 1956 a ) ,  in  washed ch icken  
e ry th ro c y te s  (D rese l & F a lk , 1956 a ) ,  in  ch icken  r e d - c e l l  
haem olysates (D rese l & F a lk , 1954, 1956 c ) ,  and in  legume 
ro o t nodule homogenates (Richmond & Salomon, 1955)*
4. A ce ta te  in  haem b io s y n th e s is .
R adin , R itte n b e rg  & Shemin (1950 b) found th a t  th e  
la b e l le d  carbon atoms of [« ( -^ C )  a c e ta te  and [ ca rb o x y -^ C  ] 
a c e ta te  were in c o rp o ra te d  in to  haem when in cu b ated  w ith  
duck b lo o d . The in c o rp o ra tio n  of th e  «(-carbon atom in to  
haem was much more e f f i c i e n t ,  however, th a n  th e  in c o rp o ra tio n  
of th e  carboxy-carbon  atom.
Shemin & W ittenberg  (1951) in cu b ated  duck blood 
s e p a ra te ly  w i t h [ « - ^ C ]  a c e ta te  and [ca rb o x y -^C ] a c e ta te  
and th e n  degraded th e  la b e l le d  haem form ed. They i s o la te d  
each carbon  atom of th e  te t r a p y r r o le  n ucleus and measured 
i t s  r a d io a c t iv i ty .  In  t h i s  way th ey  found th a t  th e  o th e r  
tw e n ty -s ix  carbon atoms of th e  haem m olecu le , no t a r i s in g  
from g ly c in e , were d e riv ed  from th e  «(- and carboxy-carbon  
atoms of a c e ta te .
5* The c i t r i c  a c id  cyc le  and haem b io s y n th e s is .
The experim ents of Shemin & W ittenberg  (1951) a ls o
showed that the labelling patterns in all four pyrrole 
units of haem derived from each form of labelled acetate 
were similar (Fig* 3)* These results were the first 
experimental indication of a common monopyrrolic precursor 
for all four pyrrole rings of haem and thus supported 
Lemberg’s view that the first tetrapyrrole formed during 
the biogenesis of protohaem might be uroporphyrin, since 
uroporphyrin contains only one type of monopyrrole ring*
• 11.
Fr ca jc ar b oxy-'1 acetate From acetate
Fig* 3* Labelling patterns in the pyrrole units of haem 
synthesised from [carboxyl*C] and [c<-1 ^C] acetate* The 
figures indicate the relative specific activity of the 
labelled carbon atoms*
The labelling patterns shown in Figure 3 can be 
explained by the recycling of acetate in the citric acid 
cycle (Fig. 5) and by the condensation with glycine of an
12.
asymmetrical four carbon compound (Fig# 6)# The 
asymmetrical nature of the intermediate formed from 
acetate is indicated by the unequal incorporation of  ^ C 
from [carboxy-^C] acetate between the carboxyl group of 
the propionic acid sidechain and the carbon atom in the 
position *y to the carboxyl carbon (Fig, 3)* Shemin & 
Wittenberg (1951) suggested that this four carbon compound 
was a derivative of succinic acid, perhaps succinyl- 
coenzyme A (succinyl-CoA),
Shemin & Kumin (1952 a, b) incubated both intact and 
haemolysed erythrocytes with [1:4~^C] succinate and showed 
that succinate was incorporated into the pyrrole moieties 
as a unit (Fig, 4), This incorporation was stimulated by 
the addition of coenzyme A (CoA) (Shemin & Kumin, 1952 b), 
again suggesting that the asymmetrical four carbon compound 
was succinyl-CoA. That succinyl-CoA is definitely involved 
in haem biosynthesis has been demonstrated (Chapter 1, 
section 7)•
The labelling patterns obtained when [1:4~^C] 
succinate and [ 2:3~^C] succinate were incubated in the 
presence of malonate (Shemin & Kumin, 1952 a) were explicable 
also by the participation of the citric acid cycle (Fig, 5)#
13o
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Pig* 4« Incorporation of the carboxyl carbon atoms of 
14[1:4- C ]succinate into the pyrrole moieties of protohaen©
Assuming that succinyl-CoA does condense with 
glycine during the biosynthesis of haems, consideration 
of Figure 5 shows that the incorporation of the carboxyl- 
carbon atoms can only proceed by reversal of reaction A 
and therefore will be unaffected by the inhibition of 
reaction B by malonate® The methylene carbon atoms of 
succinate, however, can be incorporated both by reversal 
of reaction A and by conversion to succinyl—CoA by reactions 
B, C9 D, E, P, G- and H* Thus, the incorporation of 
methylene carbon atoms of succinate will be partly inhibited 
by malonate* Experiments carried out in the presence and 
absence of malonate confirmed this prediction* This result
indicated the reversibility of reaction A, and further 
confirmed that the compound which condenses with glycine
14
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Pig. 5. The participation of the citric acid cycle in 
porphyrin and haem biosynthesis. The fate of the carboxyl 
carbon atoms of succinate. Only the significant steps of 
the citric acid cycle are shown.
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15 *
i n  th e  b io s y n th e s is  of haem i s  an  in te rm e d ia te  in  th e  
o x id a tiv e  d ec a rb o x y la tio n  of < *-oxoglu tarate to  su cc in a te*
More co n c lu siv e  evidence f o r  th e  p a r t ic ip a t io n  of th e  
c i t r i c  a c id  cy c le  in  haem s y n th e s is  was ob ta in ed  by W riston , 
Lack & Shemin (1955)» who showed th e  conversion  of [1 :5 -  3
c i t r a t e ,  [ 5 -  ] « -o x o g lu ta ra te  and [1 :2 -  *C] « -o x o g lu ta ra te
to  haem by haem olysates of duck e ry th ro cy te s*  The la b e l  
d i s t r i b u t i o n  p a t te r n  found in  th e  haem m olecule a f t e r  
in c u b a tio n  w ith  each s u b s t ra te  was id e n t ic a l  to  th a t  p re d ic te d  
on th e  assum ption  th a t  succinyl-CoA  from th e  c i t r i c  a c id  cy c le  
was invo lved  in  th e  s y n th e s is  as  shown in  F igu re  6*
T his work by Shemin and h is  school on th e  ro le  of th e  
c i t r i c  a c id  cy c le  in  haem s y n th e s is  and l a t e r  work on th e  
s y n th e s is  of 6 -am ino laevu lic  a c id  (ALA) (Fig* 6 , (7 ))  and 
i t s  p a r t  in  haem s y n th e s is  has been e x te n s iv e ly  review ed 
by Shemin (1955, 1956 a ,  b , c)*
Brown (1958 a ) ,  s tu d y in g  ALA s y n th e s is  (Fig* 6) in  
ch icken  r e d - c e l l s ,  dem onstrated  th a t  ALA fo rm atio n  from 
g ly c in e  and c e r t a in  c i t r i c  a c id  cy c le  in te rm e d ia te s  was 
in h ib i te d  by f l u o r o c i t r a t e  and parapyruvate*  These l a t t e r  
compounds a re  in h ib i to r s  of a c o n ita se  and « -o x o g lu ta ra te  
o x id a tiv e  decarboxy lase  re s p e c tiv e ly *  These r e s u l t s  
f u r th e r  confirm ed th e  p a r t i c ip a t io n  of th e  c i t r i c  a c id  
cy c le  in  haem b io sy n th e s is*  S y n th es is  of ALA from g ly c in e
16«
with «c-oxoglutarate, citrate, and isocitrate was enhanced 
by the addition of «c-lipoic acid* Synthesis from succinate, 
although unaffected by «fr-lipoic acid was stimulated by 
adenosine triphosphate (ATP)* This result again confirms 
that the unsymmetrical four-carbon intermediate in ALA 
synthesis is succinyl-CoA formed either by the oxidative 
decarboxylation of <<-oxoglutarate (Gunsalus, 1954) or 
from succinate by succinyl-CoA synthetase*
There have been reports of porphyrin synthesis 
(Lascelles, 1956a, 1959? Cooper, 1956) and bacteriochloro­
phyll synthesis (Lascelles, 1959, I960) by various 
Rhodopseudomonads from glycine and <<-oxoglutarate or 
succinate, suggesting that tetrapyrrole synthesis in micro­
organisms also might be dependant upon citric acid cycle 
activity* Lascelles (1957) has also demonstrated porphyrin 
synthesis by the protozoon Tetrahymena vorax (T. vorax) from 
glycine with acetate, «c-oxoglutarate, succinate or fumarate* 
6* &-aminolaevulic acid in haem biosynthesis*
It has been proposed that succinyl-CoA and glycine 
condense to give <ac-amino-ß-oxoadipic acid (Pig* 6, (6)) 
and that this compound decarboxylates either enzymically 
or spontaneously to give ALA (Pig* 6)*
Neuberger & Scott (1953) prepared a number of compounds 
which could be derived from glycine and succinate, including
AM, 6-succinamidolaevulic acid (Pig« 7>(10)) and 
suecinamidoacetic acid (Pig« 79 (9 ))« Lascelles (1953) 
incubated intact cell suspensions of Rhodopseudomonas 
spheroldes (Rps« spheroides) with compounds ( 9 ) and (10) 
but neither compound supported porphyrin synthesis«
• 17.
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Pig« 6« She proposed condensation of glycine with 
succinyl-CoA to form «<«-amino-ß—oxoadipic acid (6) and 
ALA (7)o The conversion of ALA to PBG- (8) is also shown*
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Pig« 7» The structure of suecinamidoacetic acid (9) and 
succinamidolaevulic acid (10)*
18.
Shemin & Russell (1953) and independently and almost 
simultaneously Heuberger & Scott (1953) and Dresel & Falk 
(1953) demonstrated the biosynthesis of haem, porphyrins 
and PBG from ALA. It was found that ALA could replace both 
glycine and succinate (Shemin & Russell, 1953)* When 
unlabelled ALA was incubated with avian erythrocytes
1 4together with C labelled glycine or succinate, the activity 
of the haemin recovered was significantly reduced (Shemin 
& Russell, 1953; Dresel & Falk, 1956 c)* This result 
indicated that ALA was a normal intermediate in haem 
biosynthesis*
Similar conversion of T^N] ALA and [1:4-^C] ALA 
to protoporphyrin and haem has been observed by Berlin, 
Neuberger & Scott (1956 a, b).
Rigorous evidence for the participation of ALA in
haem biosynthesis has been provided by Shemin, Abramsky
& Russell (1954) and Shemin, Russell & Abramsky (1955),
14who have shown identical C labelling patterns in haem 
synthesized by haemolysates incubated with [ 5-^C ] ALA or 
[2-^ C ] glycine. Likewise, identical patterns have been 
obtained using either [1:4-1*C]ALA or [1s4-^C] succinate 
as substrates. It has been found that the incorporation 
of [ 1:4-^C] ALA into haem is far more efficient than the 
incorporation of [1s4— *C] succinate. All these findings
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a r e  i n  a c c o rd  w i th  th e  scheme shown i n  F ig u r e  6 .
I t  h a s  been  shown t h a t  p o r p h y r in s  can he s y n t h e s i z e d  
from  ALA by th e  m ic ro -o rg a n is m s  T. v o ra x  ( L a s c e l l e s ,  1957) 
and R ps. s p h e r o id e s  ( L a s c e l l e s ,  1956a, 1 9 5 9 ) .
Shem in, C o rc o ra n ,  Rosenblum & M i l l e r  (1956) and 
C o rc o ra n  & Shemin (1957) have  d e m o n s tra te d  t h a t  th e  
p o r p h y r i n - l i k e  m o ie ty  o f  v i t a m in  i s  d e r iv e d  from  ALA.
7 o The s y n t h e s i s  o f  & -a m in o la e v u l ic  a c i d .
That ALA was in v o lv e d  i n  haem s y n t h e s i s  was no l o n g e r
i n  doubt b u t  l i t t l e  was known a b o u t  i t s  s y n t h e s i s .  A l l  
a v a i l a b l e  e v id e n c e  s u g g e s te d  t h a t  i t  was form ed by t h e
c o n d e n s a t io n  o f  a  s u c c i n y l  d e r i v a t i v e  w i th  g l y c i n e .  The
enzyme r e s p o n s i b l e ,  6 - a m in o la e v u l i c  a c i d  s y n t h e t a s e
(A L A -sy n th e ta se )  i s  a  p a r t i c u l a t e  enzyme and h a s  been
s t u d i e d  i n  s u b c e l l u l a r  p a r t i c l e s  (L a v e r ,  N e u b erg e r  &
U n d e n f r ie n d ,  1 9 5 8 ) ,  i n  d i s r u p t e d  s u b - c e l l u l a r  p a r t i c l e s
(G ibson , L av e r  & N e u b e rg e r ,  1958 a ,  b )  and h a s  a l s o  been
s o l u b i l i z e d  (G ib so n , 1958; K ik u c h i ,  Shemin & Bachmann,
1958; Shem in, K ik u ch i  & Bachmann, 1958; K ik u c h i ,  Kumar,
Talmage & Shemin, 1958; K ik u c h i ,  Kumar & Shem in, 1 9 5 9 ) .
The slow r a t e  o f  s y n t h e s i s  o f  ALA and i t s  r a p i d  
u t i l i z a t i o n  by norm al h a e m a to p o ie t i c  t i s s u e s  made th e  
s tu d y  o f  i t s  s y n t h e s i s  v e ry  d i f f i c u l t .  R ap id  s y n t h e s i s  o f  ALA,
20.
however, from glycine and «x-oxoglutarate or succinate in 
the erythrocytes of chickens, made anaemic by the adminis­
tration of phenylhydrazine, was demonstrated by Laver 
et al. (1958). These workers, moreover, isolated a 
particulate fraction from these erythrocytes which could 
synthesize ALA but lacked the enzymes concerned with its 
further metabolism. The formation of ALA from glycine and 
o(-oxoglutarate or succinate by these particles was found to 
be an aerobic process and was stimulated by the addition of 
CoA, pyridoxal phosphate and Mg+* and ions. No
other dialysable cofactors appeared to be needed. Similar 
cofactor requirements for ALA synthesis have been reported 
in extracts of Rhodospirillum rubrum (Rsp. rubrum) and 
ftps* spheroides (Kikuchi, Kumar et_ al. 1958) and in 
chicken red-cell preparations (Granick, 1958). Earlier 
studies of the effect of vitamin B group deficiency on 
porphyrin and haem synthesis in T. vorax (Lascelles, 1957) 
and in duck red-cells (Schulman & Richert, 1955, 1956) had 
also suggested that CoA and pyridoxal phosphate might be 
involved in ALA synthesis.
When the particles from anaemic blood were incubated 
with glycine, pyridoxal phosphate and synthetic succinyl- 
CoA, no ALA was formed and it was suggested that the
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particles were impermeable to this succinyl derivative* 
Gibson et al* (1958 a, b), however, demonstrated ALA 
synthesis from glycine, pyridoxal phosphate, and succinyl- 
CoA after freeze-drying the particles, which presumably
+ +  « * truptured the encasing membranes* No Mg ions, PO^ ions 
or oxygen were required under these conditions, suggesting 
that they participate in the formation of ’high energy" 
intermediates in the formation of succinyl-CoA* That 
succinyl-CoA is a substrate of ALA formation in Rps* 
spheroides extracts has been confirmed by Shemin, Kikuchi 
& Bachmann (1958) and Kikuchi, Kumar et_ al* (1958)* 
Lascelles (1959» I960) has obtained results of a 
similar nature using the facultative photosynthetic micro­
organism, Rps* spheroides* Introduction to anaerobic 
and illuminated conditions causes Rps* spheroides to under­
go an adaptation to a photosynthetic mode of existence which 
is marked by a stimulation of porphyrin and bacteriochloro- 
phyll synthesis* These compounds could be synthesized 
from cc-oxoglutarate and glycine only when the cells were 
grown anaerobically in the light* The synthesis of these 
tetrapyrroles was diminished when the cells were grown 
aerobically and completely suppressed when grown in the 
dark* When ALA was used as substrate, aerobic and dark 
conditions did not affect the synthesis; this suggests
to the writer that perhaps photochemically produced
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ATP is required for the activation of precursors 
of ALA. Studies on cell-free extracts, using succinate, 
glycine, pyridoxal phosphate and ATP as substrates, have 
shown that ALA-synthetase and ALA-dehydrase are synthesized 
during the adaptation to photosynthetic conditions 
(Lascelles, 1959, 1960).
The specificity of the freeze-dried particles 
(Gibson jst al. 1958 b) was studied and amino-acetone 
was formed when succinyl-CoA was replaced by acetyl CoA. 
Other aminoketones were formed with propionyl CoA and 
glutaryl-CoA but the fastest reaction occurred with 
succinyl-CoA. The freeze-dried particles formed very 
little ALA from «<-oxoglutarate and glycine unless 
nicotine-adenine-dinucleotide (NAD) was added. This 
suggested that the synthesis of ALA from oc-oxoglutarate 
involves the formation of succinyl-CoA by the NAD- 
dependant «c-oxoglutarate oxidase (cf. Gunsalus, 1954). 
Gibson and his co-workers obtained evidence suggesting 
that pyridoxal phosphate was firmly bound to the 
enzyme. In this regard, it is interesting to note that 
Kikuchi, Kumar & Shemin (1959) proposed the prior formation 
of an enzyme-pyridoxal phosphate complex before reacting 
with glycine. The enzyme-pyridoxal phosphate-glycine
2 3 .
complex th e n  condenses w ith  succinyl-C oA .
Gibson e t a l . , (1958 b) have suggested  th a t  th e  
r e a c t iv e  form of g ly c in e  i s  a S c h if f* s base formed by 
th e  r e a c t io n  of th e  amino a c id  w ith  p y rid o x a l phosphate , 
th e  «(-carbon atom of g ly c in e  th u s  being  a c t iv a te d .  
C ondensation w ith  succinyl-CoA  th e n  r e s u l t s  in  th e  fo rm a tio n  
of oc-am ino-p-oxoadipic a c id  which i s  r e a d i ly  d ecarb o x y la ted  
a t  pH7 (N euberger, 1961)9 form ing ALA.
To e x p la in  th e  p o s s ib le  r o le  of b io t in  in  ALA 
s y n th e s is  (L a s c e l le s ,  1956a, I9 6 0 ), N euberger (1961) has 
suggested  th e  fo rm a tio n  of an « -am in o -p -o x o ad ip a te - 
p y rid o x a l phosphate-enzym e complex in  which th e  «(-am ino-p- 
oxoad ipate  may be s ta b le .  N euberger has suggested  th a t  
enzyme-bound b io t in  may be re q u ire d  to  r e le a s e  carbon 
d io x id e  and ALA and re g e n e ra te  A LA-synthetase and p y rid o x a l 
phosphate . I t  i s  known th a t  b io t in  i s  no t removed from 
i t s  apoenzyme by d ia ly s i s  and th a t  b io t in  enzymes a re  
a s s o c ia te d  w ith  th e  m etabolism  of carbon d io x id e  (Lynen, 
1959).
S tim u la tio n  of ALA fo rm a tio n  by Fe++ io n s  under a 
v a r ie ty  of c o n d itio n s  (Brown, 1958 a ,  b , c) has suggested  
th a t  Fe++ io n s  a re  re q u ire d  f o r  A LA-synthetase a c t i v i t y .  
Brown has suggested  th a t  th e  m eta l io n s  a re  re q u ire d  f o r
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the activation or condensation of glycine, and that the 
metal ions may stimulate by the stabilization of a glycine- 
pyridoxal phosphate Schiff*s base compound (cf Metzler, 
Ikawa, & Snell, 1954; Patwardhan, 1958)* Lascelles 
(1956a), however, has shown that porphyrin synthesis in 
Rps. spheroides from glycine and «-oxoglutarate, but not 
from ALA, is inhibited by the presence of iron salts.
8. The common monopyrrole precursor of tetrapyrrole 
pigment s♦
The identification of the monopyrrolic precursor 
of porphyrins and haems was a long and difficult task.
Sachs (1931) and Waldenstrom (1935) found that the 
urine of patients suffering from acute porphyria contained 
a compound which gave a red colour with p-dimethylamino-
itbenzaldehyde (Ehrlich*s reagent). Later, Waldenstrom 
& Vahlquist (1939) obtained a concentrate of this substance, 
which they called porphobilinogen (PBG), and their investi­
gations led them to believe that the compound was a 
dipyrrylmethane.
Westall (1952), however, obtained pure PBG and 
Cookson & Rimington (1953, 1954) elucidated its structure 
(Pig. 6 (8)).
That this compound, PBG, is utilized in the
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s y n th e s is  of haem and p o rp h y rin s  has been dem onstrated  
in  crude or p a r t ly  p u r i f ie d  e x t r a c ts  from av ian  e ry th ro ­
c y te s  (F a lk , D re se l & R im ington, 1953; D rese l & F a lk ,
1953, 1956 b ; B ooij & R im ington, 1957; Lockwood & 
R im ington, 1957; Lockwood & Benson, I960; Sano, 1958), 
from mammalian r e d - c e l l s  (Rim ington & B o o ij, 1957; Sano, 
1958), from r a t - l i v e r  (Schw artz, 1954; Schwartz &
W atson, 1957), from C h lo re lla  (Bogorad & G ranick , 1953 a ) ,  
from sp in ach  le a v e s  (Bogorad 1955 a , b , c; 1958 a ) ,  from 
wheat germ (Bogorad 1955 c , 1958 b ) ,  from e x t r a c ts  of many 
le a v e s  (Bogorad, 1958 a) and from Rps* sp h e ro id es  (Hoare 
& H eath , 1958 a ,  b , 1959; H eath & H oare, 1959 a , b)*
U sing is o to p ic  d i lu t io n  te c h n iq u e s , D rese l & F alk  
(1956 c) showed th a t  PBG i s  a normal in te rm e d ia te  in  th e  
b io s y n th e s is  of haem by ch icken  r e d - c e l l  haem olysates* 
D re se l & F alk  (1956 a) a ls o  found th a t  PBG, when in cu b a ted  
w ith  ch icken  blood or washed ch icken  r e d - c e l l s ,  was not 
converted  to  p o rp h y rin s  or haem and suggested  th a t  th e  
r e d - c e l l s  were impermeable to  PBG*
9* The conversion  of 6 -am ino laevu lic  a c id  to  p o rp h o b ilin ­
ogen*
The conversion  of ALA to  PBG by ALA-dehydrase has 
been dem onstrated  in  ch icken  r e d - c e l l  haem olysates (D rese l
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& Falk, 1953, 1956 b), in intact cells of Rps. spheroides 
(Lascelles, 1956a) and in intact animals (Berlin, Neuberger 
& Scott, 1956 a, b). There have been several reports of 
the part purification of ALA-dehydrase from ox-liver 
(Gibson, Neuberger & Scott, 1955; Iodice, Richert &
Schulman, 1958), from avian erythrocytes (Granick, 1954;
Schmid & Shemin, 1955; Granick & Mauzerall, 1958 a), 
from pigeon and rat liver (Schulman, 1955) from rabbit- 
reticulocytes (Granick & Mauzerall, 1958 a), from 
Rps. spheroides (Lascelles, 1959, I960) and from 
Corynebacterium diphtheriae (Gibson al., 1955).
In an extensive study of the distribution of ALA- 
dehydrase in the subcellular particles of rat-liver 
homogenates, Gibson et al, (1955) showed that the enzyme 
was present almost exclusively in the soluble fraction of 
the cells. Using rabbit tissues, the enzyme was shown to 
be present not only in liver cells but also in kidney, 
bone-marrow, blood and spleen*
The activity of ALA-dehydrase has been found to 
fluctuate during various metabolic derangements. Gibson 
et al. (1955) found that ALA-dehydrase activity in rabbit- 
spleen and blood was increased several fold during anaemia 
induced by phenylhydrazine and also in the liver during 
Sedormid-induced porphyria. Lascelles (1959,1960).reported an
* See page
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increase in ALA-dehydrase activity in Rps. spheroides 
during adaptation to a photosynthetic existence when 
bacteriochlorophyll synthesis is greatly increased*
Gibson £t al. (1955) isolated ALA-dehydrase from 
acetone dried powders of ox-liver and purified it 270-fold. 
This electrophoretically pure preparation, but not the 
crude extracts, required glutathione or cysteine for 
maximum activity. Activity of the crude extracts, 
however, was diminished by thiol inhibitors* The enzyme 
was found to be inhibited by ethylenediamine-tetracetic 
acid (ELTA) and by tris buffer* This latter inhibition 
was removed by addition of phosphate buffer* No require­
ment for a metal could, however, be demonstrated directly. 
Iodice £t al. (1958), however, reported the presence of 
copper and magnesium in an electrophoretically pure 
preparation of ALA-dehydrase and also claimed that the 
activity of the enzyme isolated from copper-deficient 
animals is low. Wilson, Iodice, Schulman & Richert 
(1959)» however, have more recently shown that the removal 
of copper from the enzyme does not affect its activity*
The inhibitions by EDTA and tris thus remain unexplained.
The mechanism of FBG biosynthesis is not known.
Two condensations, an aldol type at a and a ketimine 
linkage at b are involved (Pig. 8).
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Fig« 8o A possible mechanism for PEG formation involving
a hypothetical ketimine intermediate®
Only one electrophoretically pure enzyme was required 
for the reaction and Granick & Mauzerall (1958 a), who have 
shown that the kinetics of PBG formation indicate the 
formation of a simple 1s1 enzyme-substrate complex* have 
postulated the formation of a ketimine intermediate 
(Pig. S 9 (11))*
10* Tetrapyrrole intermediates and the porphyrinogens in 
haem biosynthesis*
The sequence of the porphyrins in the biosynthesis of 
haem* illustrated in Figure 19 has been confirmed by various 
workers® A study of the kinetics of porphyrin formation 
from P3G in haemolysates of chicken erythrocytes (Falk*
Dresel & Eimington, 1953; Falk* 1955; Dresel & Falk,
1956 b)* indicated that uro~ and coprc- porphyrins were 
earlier intermediates than protoporphyrin in the biosynthesis
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of haem.
The sequence of p o rp h y rin s  was f u r th e r  confirm ed by 
i s o l a t i n g ,  by v a rio u s  m ethods, th e  enzymes co n v e rtin g  PEG 
to  p ro to p o rp h y rin .
Bogorad & G ranick (1953 a )  dem onstrated  th e  accumula­
t io n  o f u ro p o rp h y rin s  I  and I I I  and th e  in h ib i t io n  of th e  
enzymes re s p o n s ib le  f o r  copro— and p ro to — porp h y rin  
fo rm a tio n  by g e n t le  h e a t tre a tm e n t o f C h lo re lla  e x t r a c t s .  
Using ch icken  red—c e l l  h aem o ly sa tes , i t  was p o s s ib le  to  
dem onstrate  u ro -  and co p ro - p o rp h y rin  fo rm atio n  from PBG 
under an ae ro b ic  c o n d itio n s  bu t p ro to p o rp h y rin  could  only  
be formed by su b seq u en tly  co n tin u in g  th e  in c u b a tio n  in  a i r  
(F a lk , D rese l & R im ington, 1953? D resel & F a lk , 1956 b ) .
A stu d y  of th e  s u b c e l lu la r  f r a c t io n s  o f ch icken  r e d - c e l l s  
(D re se l, 1955? D rese l & F a lk , 1956 b) showed th a t  so lu b le  
enzymes, p re se n t in  th e  s u p e rn a ta n t,  were re s p o n s ib le  f o r  
th e  co n version  of PBG to  u ro — and co p ro -p o rp h y rin s . 
P ro to p o rp h y rin  fo rm atio n  could  be dem onstrated  only on 
a d d i t io n  o f e ry th ro c y te  p a r t i c l e s  o r  r a t - l i v e r  m itochondria  
to  th e  s u p e rn a ta n t.
A d d itio n a l co n firm a tio n  o f  th e  sequence of po rp h y rin s 
in  haem b io sy n th e s is  has been o b ta in ed  by Hoare & Heath 
(1958 a ,  b ) and H eath & Hoare (1959 a ,  b ) who have 
dem onstrated  th e  co n v ers io n  o f PBG to  u ro -  and cop ro -
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p o r p h y r i n s  by R p s . s p h e r o i d e s  u s i n g  f r o z e n  and thawed 
c e l l  s u s p e n s i o n s ,  a c e t o n e - d r i e d  powders o f  c e l l s  and c e l l -  
f r e e  e x t r a c t s .  S t u d i e s  o f  t h e  k i n e t i c s  o f  p o r p h y r i n  
f o r m a t i o n  by a c e t o n e - d r i e d  c e l l s  (Hoare & H e a th ,  1958 a )  
i n d i c a t e d  t h a t  u r o p o r p h y r i n  was a  p r e c u r s o r  o f  c o p r o p o r p h y r i n .  
As f u r t h e r  c o n f i r m a t i o n ,  Hoare  & H ea th  (1958 a ,  b )  d e m o n s t r a t e d  
i n h i b i t i o n  o f  c o p r o p o r p h y r i n  f o r m a t i o n  and a c c u m u la t io n  of  
u r o p o r p h y r i n  I I I  by r e p e a t e d  f r e e z i n g  and th aw in g  o f  whole 
c e l l s  and by s t o r a g e  o f  c e l l - f r e e  e x t r a c t s  a t  -1 5 °C .
P a r t l y  p u r i f i e d  enzymes have  now been  o b t a i n e d  from 
b o th  p l a n t  and  a n im a l  o r i g i n  which  w i l l  c o n v e r t  PEG t o  
u r o p o r p h y r i n s  I  and  I I I  (B ogorad ,  1955 a ,  b ,  c ,  1958 a ,  b;  
G ra n ic k  & M a u z e r a l l ,  1958 a)*
I t  h a s  been  fo u n d ,  h o w ever ,  t h a t  u r o -  p o r p h y r i n  i s  
n o t  c o n v e r t e d  e f f i c i e n t l y  t o  p r o t o p o r p h y r i n  o r  haem by 
h a e m o ly s a t e s  o f  a v i a n  e r y t h r o c y t e s  ( D r e s e l ,  1955)  and 
c o p r o p o r p h y r i n  n o t  a t  a l l  and so i t  was s u g g e s t e d  t h a t  t h e  
t r u e  t e t r a p y r r o l e  i n t e r m e d i a t e s  i n  haem b i o s y n t h e s i s  a r e  
n o t  t h e  p o r p h y r i n s  b u t  r e d u c e d  p o r p h y r i n s  ( W i t t e n b e r g  &
Shemin, 1950;  D r e s e l ,  1955;  R im in g to n ,  1955;  D r e s e l  &
F a l k ,  1956 c ) .  E v id e n c e  t o  s u p p o r t  t h i s  t h e o r y  was 
o b t a i n e d  by Bogorad (1955 a ,  b )  and  G ra n ic k  (1955 a )  who 
d e t e c t e d  compounds a b s o r b i n g  a t  500 mp, d u r i n g  t h e  
enzymic c o n v e r s i o n  o f  PBG t o  p r o t o p o r p h y r i n .  By
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aut oxidation, the absorption at 500 mp, diminished and 
these compounds were converted to uro- and copro­
porphyrins.
Neve, Labbe & Aldrich (1956) demonstrated the enzymic 
conversion of synthetic uroporphyrinogen III (Fig. 9, (12)),the 
reduced (hexa-hydro) form of uroporphyrin III, to protohaem 
by haemolysates of avian erythrocytes.
That the porphyrinogens were the true intermediates 
in the biosynthesis of haem was indicated by chemical 
considerations. The simple condensation of four molecules 
of PBG would lead, on theoretical grounds, to the formation 
of a tetrapyrrole with four methane bridges and four imino 
nitrogens.
That the porphyrinogens can be utilized as substrates 
and that the naturally occurring tetrapyrrole intermediates 
are reduced porphyrins has been confirmed by Heath & Hoare 
(1959 a, b), Hoare & Heath (1958 a, 1959), Granick &
Mauzerall (1958 a, b) Mauzerall & Granick (1958), Bogorad 
(1958 a, b, c) Sano & Granick (1961) and Porra & Falk (1961).
A modified scheme for the conversion of PBG to haem (cf Fig.
1) is shown in Figure 9.
The compounds absorbing at 500 mji (see above) have 
subsequently been shown to be intermediates in the 
autoxidation of porphyrinogens to the corresponding
porphyrins (Bogorad* 1958 c; Mauzerall & Granick, 1358)
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FR0T0HA2U
(Pig. 1, (5))
Big. 9o A modified scheme for the conversion of PBG to 
protohaem. In view of the evidence now available the 
enzymic synthesis of haem appears to follow the reaction 
sequence A, B9 G, D & E.
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11« The enzymic c o n v e r s i o n  o f  p o r p h o b i l i n o g e n  t o  
u r o p o r p h y r i n o g e n s .
l i t t l e  p r o g r e s s  h a s  b e en  made i n  t h e  u n d e r s t a n d i n g  
of  t h e  enzymic mechanism by w hich  f o u r  m o le c u l e s  o f  PBG 
a r e  co n d en sed  t o  form t h e  f i r s t  a s y m m e t r i c a l  t e t r a p y r r o l e  
i n t e r m e d i a t e  o f  t h e  i s o m e r  I I I  s e r i e s «  The e x p e r i m e n t a l  
i n v e s t i g a t i o n  o f  PBG- c o n v e r s i o n  t o  u r o p o r p h y r in o g e n  h a s ,  
however ,  y i e l d e d  some i n t e r e s t i n g  r e s u l t s .
Bogorad  (1955 a ,  b ,  c ,  1958 a )  h a s  p r e p a r e d  an 
enzyme, p o r p h o b i l i n o g e n  deam inase  (PBG—d e a m in a s e ) ,  f rom 
an a c e t o n e - d r i e d  powder o f  s p i n a c h  l e a v e s .  T h is  enzyme 
c o n v e r t e d  PBG t o  u r o p o r p h y r i n o g e n  I« Bogorad (1955 c ,
1958 b )  h a s  a l s o  p r e p a r e d  an enzyme f r a c t i o n  from wheat  
germ e x t r a c t s  which  c o n t a i n e d  an enzyme, u r o p o r p h y r in o g e n  
i s o m e r a s e ,  which  s y n t h e s i z e d  u r o p o r p h y r in o g e n  I I I  f rom 
PBG i n  t h e  p r e s e n c e  of  ad d ed  PBG—d eam in a se .  U r o p o r p h y r in ­
ogen i s o m e r a s e  consumed v e r y  l i t t l e  PBG i n  t h e  a b s e n c e  of 
PBG-deaminase and was u n a b l e  t o  c o n v e r t  u r o p o r p h y r i n  I  
o r  u r o p o r p h y r in o g e n  I  t o  t h e  s e r i e s  I I I  i somer«
Bogorad  (1955 c ,  1958 b )  p r e p a r e d  a n o t h e r  wheat  
germ f r a c t i o n  which  c o n v e r t e d  PBG t o  u r o p o r p h y r in o g e n  I I I .  
A f t e r  a g e i n g  t h i s  p r e p a r a t i o n  f o r  s h o r t  p e r i o d s  i n  a  
r e f r i g e r a t o r  o r  a f t e r  m i l d  h e a t  t r e a t m e n t s ,  PBG was con­
v e r t e d  o n ly  a s  f a r  a s  u r o p o r p h y r i n o g e n  I  d e m o n s t r a t i n g  t h a t
34.
uroporphyrinogen isomerase is a very labile enzyme. That 
this isomerase is labile has also been demonstrated in 
enzymic preparations from avian erythrocytes (Booij & 
Rimington, 1957; Lockwood & Rimington, 1957; Lockwood 
& Benson, I960), from mammalian red-cells (Rimington & 
Booij, 1957), from rat-liver homogenates (Schwartz &
Watson, 1957), from Chlorella (Bogorad & Granick, 1953 a), 
from spinach (Bogorad, 1958 a) and from Rps. spheroides 
(Heath & Hoare, 1959 b). While these inactivations of 
the isomerase occur at about 60°C the deaminase, which 
converts PBG to uroporphyrinogen I, is more stable but 
is inactivated by boiling (Hoare & Heath, 1958 a).
Lockwood & Benson (i960), using electrophoretic 
techniques, were unable to demonstrate the presence of 
two enzymes in their purified Hporphobilinogenasew 
preparation from avian erythrocytes, which converts PBG 
to uroporphyrinogen III. They suggested that a single 
enzyme possessing both deaminase and isomerase activities 
might be involved and that the isomerase activity but not 
the deaminase is destroyed by mild heat treatment, cyanide 
or azide.
Other enzymic studies have shown that four molecules 
of PBG can be converted to uroporphyrinogen indicating that 
there is no loss of monopyrrolic or polypyrrolic units
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during the conversion (Dresel & Falk, 1956 b; Granick 
& Mauzerall, 1958 a; Bogorad, 1958 a, b, c; Lockwood 
& Benson, I960)* Bogorad (1955 b, 1958 a) has shown 
that the enzymic condensation of four molecules of PBG 
is accompanied by the liberation of four molecules of NH^ 
from the aminomethyl group of porphobilinogen. The 
liberation of in the non-enzymic condensation of PBG 
was demonstrated by Westall (1952).
Several mechanisms advanced to account for formation 
of uroporphyrinogen III have involved the formation of free 
formaldehyde from the aminomethyl group of PBG, while others 
have involved the migration or incorporation of formaldehyde. 
Experimental investigation has shown that free formaldehyde 
is produced and incorporated during the non-enzymic synthesis 
of porphyrins from PBG (Shemin, Russell & Abramsky, 1955; 
Lockwood & Benson, I960; Bogorad & Marks, I960). Free 
formaldehyde, however, was not incorporated into porphyrin­
ogens during the enzymic conversion of PBG (Lockwood & 
Rimington, I960; Bogorad & Marks, I960). Bogorad & Marks 
(i960), using partly purified enzyme preparations, have 
shown that only minute amounts of free formaldehyde are 
formed and have suggested that this could be accounted for 
by simultaneous low levels of non-enzymic conversion. It 
is apparent, therefore, that the enzymio and non-enzymic
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co n d en sa tio n s may in v o lv e  d i f f e r e n t  mechanisms.
Hoare & H eath (i9 6 0 ) have i s o la te d  u ro p o rp h y rin  and 
coproporphyrin  o f th e  u n -n a tu ra l  isom er I I  s e r i e s  from 
in c u b a tio n s  of a  d ipy rry lm ethane (P ig . 10 (1 8 )) w ith  crude 
e x t r a c ts  o f Rps. sp h e ro id e s . The o th e r  d ip y r ry l  m ethanes 
u sed  (P ig . 10, (1 5 )(1 6 )(1 7 ))  were found to  be com pletely  
in a c t iv e  as s u b s t r a te s  f o r  t e t r a p y r r o le  fo rm a tio n  bu t were 
found to  be n o n -co m p e titiv e  in h ib i to r s  of PBG-deaminase. 
Compound (18) was n o t con v erted  to  p o rp h y rin  by p u r i f ie d  
PBG-deaminase p re p a ra t io n s  from Bps, sp h e ro id e s  (Hoare & 
H eath , I960) and sp in ach  le a v e s  (Bogorad, I960 ; C a rp en te r 
& S c o tt ,  1961).
An in te r e s t i n g  compound known as pseudouroporphyrin  
has been d e te c te d  d u rin g  th e  enzymic co n v ers io n  o f ALA and 
PBG to  p o rp h y rin s  (F a lk , 1955? F a lk , D re se l, Benson & 
K nigh t, 1956; F a lk  & D re se l, I9 6 0 ). This compound 
resem bles u ro p o rp h y rin  in  i t s  sp e c tro sc o p ic  and s o lu b i l i t y  
p ro p e r t ie s  bu t d i f f e r s  s l i g h t l y  in  i t s  chrom atographic 
b eh av io u r. P seudouroporphyrin  on chem ical d ec a rb o x y la tio n  
y ie ld s  coproporphyrin  I I I .  This compound i s  on ly  formed 
in  s ig n i f ic a n t  amounts d u rin g  th e  enzymic s y n th e s is  of 
po rp h y rin s  (F alk  & D re se l, I96 0 ) and i t  has been suggested  
th a t  pseudouroporphyrin  may be an o x id a tio n  p ro d u c t o f a 
u roporphyrinogen  I I I  — c o fa c to r  complex in v o lv ed  in  th e
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07)
Pig« IO© Various dipyrrylmethanes tried as substrates 
for enzymic tetrapyrrois formation*
formation of uroporphyrinogen III fron P3G- or during the 
decarboxylation of uroporphyrinogen III to coproporphyrin­
ogen III« Some evidence has been found for a cofactor 
requirement in the conversion ofvP3G- to coproporphyrinogen 
III in leguminous root nodule homogenates (Palk^ Appleby 
& Porra$ 1953) and in extracts of Bps* soberoides (Heath &
H oare, 1959 a , b; Hoare & H eath , 1960).
I t  has been shown by Schw artz, Ik ed a , M il le r  &
Watson (1959) th a t  PBG i s  a lso  u t i l i z e d  as a s u b s t r a te  
in  th e  enzymic fo rm a tio n  o f th e  p o rp h y r in - lik e  m oiety 
o f v itam in
12. C o n s id e ra tio n  o f  th e  h y p o th e tic a l  mechanisms f o r  
p o rp h o b ilin o g en  co n d en sa tio n .
A g re a t  many h y p o th e tic a l  mechanisms f o r  th e  enzymic 
fo rm a tio n  o f porphyrinogens from PBG, based  m ainly on 
chem ical a n a lo g ie s , have been p roposed . They a re  to o
numerous to  be d isc u sse d  h e re  in  d e t a i l .  The most
d i f f i c u l t  problem has been to  conceive an enzymic mechanism 
to  account f o r  the  p r e f e r e n t ia l  fo rm atio n  of th e  asym m etrical 
isom er I I I  o f u roporphyrinogen  r a th e r  th an  th e  sym m etrical 
isom er I .
A co n c ise  rev iew  of th e s e  hypo theses has been 
p rov id ed  by Rim ington (1958). A c r i t i c a l  review  o f th e s e  
hypo theses i n  th e  l i g h t  o f  re c e n t experim en ta l ev idence 
has been made by M argo liash  (1961) who c l a s s i f i e s  th e s e  
mechanisms in to  fo u r  main g ro u p s.
Group 1. H ypotheses based  on th e  fo rm atio n  o f branched 
p o ly p y rry l methane s t r u c tu r e s .
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These in c lu d e  th e  tr ip y rry lm e th a n e  th e o ry  of Shemin,
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Russell & Abramsky (1955), the "TM tetrapyrryImethane 
theory of Bogorad & Granick (1953a) and the octapyrryl- 
methane theory of Wittenberg (1959).
The tripyrryImethane theory derived some support as 
a result of the identification of a tripyrrylmethane 
intermediate in the chemical synthesis of dipyrrylmethanes 
(Corwin & Andrews, 1937) and porphyrins (Andrews, Corwin 
& Sharp, 1950)* The formation of this tripyrrylmethane 
provided an explanation for the appearance of more than 
one type of dipyrrylmethane (Corwin & Andrews, 1937).
This theory was further supported by the synthesis of 
prodigiosin by cultures of Serratia marcescens (formerly 
B. prodigiosus). since this pigment had been assigned a 
radial tripyrrylmethene structure (Fig. 11,(19)) by Wrede 
& Rotthaas (1934). It was also shown, as in the case of 
haem, that glycine and acetate were precursors of 
prodigiosin (Hubbard & Rimington, 1950). It was later 
shown by Marks & Bogorad (i960), however, that ALA was 
not a precursor of prodigiosin, demonstrating that the 
pyrrole rings of prodigiosin and haem do not arise from 
a common biosynthetic pathway. Later work (Treibs & 
Zimmer-Galler, I960; Rapoport & Holden, 1960; Wasserman, 
McKeon & Santer, I960) has shown that prodigiosin is not
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a radial tripyrrylmethene but possesses a linear structure 
(Fig, 11 (20)),
09) (20)
Fig, 11o Structure of prodigiosin (20), The
7 '
tripyrrylmethene structure (19) previously assigned to 
the molecule is now known to be incorrect.
The tripyrrylmethane theory also proposed the 
formation of one molecule of opsopyrroledicarboxylic acid 
(3-carboxymethylpyrrole-4-ß-propionic acid) and one 
molecule of formaldehyde for every molecule of uroporphyrin« 
ogen III formed. The experimental evidence already 
discussed does not support such a theory.
Furthermore3 the formation of polypyrryl methane 
structures by a Corwin & Andrews type mechanism (cfo 
Corwin & Andrews, 1937) proposed in all three theories 
of this group involves the intermediate formation of a 
pyrromethene compound (cf, Rimington, 1954), As the 
enzymic conversion of PBG to uroporphyrinogen can occur
ir anaerobic conditions it is unlikely, though not 
impossible, that such an oxidation to the pyrromethene 
level occurs.
Group 2. Hypotheses involving oxidized derivatives such 
as "porphobilinogen aldehyde” (opsopyrrole-2-aldehyde).
Such a mechanism has been proposed by Shlyk (1956)
(cf. Lockwood & Benson, I960). This mechanism necessitates 
the loss of one pyrrole unit in tetrapyrrole formation and 
involves two oxidation steps; the formation of the 
aldehyde compound and the formation of a pyrromethene 
intermediate. Such oxidations are unlikely under anaerobic 
conditions. It has already been shown that there is no 
loss of pyrrole units during the enzymic formation of 
tetrapyrroles.
Group 3. Hypotheses involving exchange or condensation 
reactions of linear pyrrole polymers.
The main theories of this type have been advanced 
by Jackson & MacDonald (1957) and Godnev & Rotfarb (1959)« 
These two theories required the incorporation of 
opsopyrryldicarboxylic acid. Carpenter & Scott (1959) 
have shown that this compound is not incorporated into 
haem by avian haemolysates, but it was found to be a 
competitive inhibitor of FBG-deaminase (Bogorad, 1958 a; 
Carpenter & Scott, 1959)*
4 1 .
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Group 4. Hypotheses involving the intramolecular 
migration of side-chains.
These theories include those of Cookson & Rimington 
(1954), Treibs & Ott (1958), Robinson (1955), Bullock, 
Johnson, Markahm & Shaw (1958) and Lockwood & Benson (i960).
The theory advanced by Cookson & Rimington is based 
on the chemical conversion of FBG to porphyrins in dilute 
acid. One scheme proposed by Cookson & Rimington involves 
the formation and incorporation of formaldehyde and is 
supported by the fact that dimedon, a formaldehyde trapping 
agent, inhibits porphyrin formation. Formaldehyde, however, 
is not produced or incorporated during the enzyme reaction* 
This particular scheme, however, is only one of several 
envisaged by the overall theory.
Carpenter & Scott (1961) have shown that PBG— 
deaminase does not utilize isoporphobilinogen. This 
compound differs from porphobilinogen only in the relative 
position of the aminomethyl group with respect to the 
acetic-and propionic-acid side-chains. At first sight 
this result appears to make unlikely all schemes involving 
intra-molecular rearrangement of the side-chain from the 
2 to 5 position of the pyrrole ring. The rearrangements 
proposed, however, are seldom as simple as this since the
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rearrangement is often postulated at the polypyrryl level.
13. The conversion of uroporphyrinogens to coproporphyrin­
ogens .
The conversion of uroporphyrinogen to coproporphyrin­
ogen, by the enzyme uroporphyrinogen decarboxylase (urogen- 
ase), involves the decarboxylation of four acetic acid 
side-chains to methyl groups. The decarboxylations which 
lead to the conversion of uroporphyrinogen III (octa- 
carboxylic) to coproporphyrinogen III (tetracarboxylic) 
and protoporphyrin IX (dicarboxylic) appear to occur 
singly in a stepwise manner since the chromatographic 
separation of the porphyrins associated with this con­
version have revealed the presence of octa-, hepta-, hexa-, 
penta-, tetra-, tri- and di-carboxylic porphyrins (Bogorad 
& G-ranick, 1953 a, b; G-ranick, 1955 b; Falk, 1955; Falk, 
et al. 1956; Mauzerall & G-ranick, 1958; Sano & G-ranick, 
1961). The octa-, tetra- and di-carboxylic porphyrins 
always appeared in greatest concentrations. The existence 
of porphyrins with between two to eight carboxyl groups 
was first reported by Nicholas & Rimington (1951).
The conversion of uroporphyrinogen III to copro­
porphyrinogen, protoporphyrin and protohaem has been 
studied in haemolysates of duck erythrocytes (Neve, Labbe
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& Aldrich, 1956), in partly purified preparations from 
rabbit and chicken erythrocytes (Granick & Mauzerall,
1958 a; Mauzerall k Granick, 1958), in Chlorella prepara­
tions (Bogorad, 1958 c) and in preparations from Rps. 
spheroides (Hoare k Heath, 1958 a, b, 1959? Heath k 
Hoare, 1959 a).
The enzyme urogen-ase, isolated from various sources, 
utilized both uroporphyrinogens I and III (Mauzerall k 
Granick, 1958; Bogorad, 1958 c; Hoare k Heath, 1958 a),
A later study by Hoare k Heath (1959) has shown that 
urogen-ase from Rps. spheroides utilized uroporphyrin­
ogens I, II, III and IV. Mauzerall k Granick (1958) 
have reported that uroporphyrinogen I is utilized approx­
imately half as fast as the series III isomer. It is 
thus possible to understand the enzymic formation of 
coproporphyrinogen I which appears as coproporphyrin I 
in trace amounts in normal urine and faeces and in large 
amounts in certain pathological conditions (cf. Rimington, 
1952).
Although it is generally accepted that uroporphyrins 
cannot act as substrates for haem formation (Neve, Labbe 
k Aldrich, 1956; Mauzerall k Granick, 1958; Hoare k 
Heath, 1958 a, b; Bogorad, 1958 c), a relatively
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i n e f f i c i e n t  co nversion  of u ro p o rp h y rin  I  to  copro­
p o rp h y rin  I f and of u ro p o rp h y rin  I I I  to  p ro to p o rp h y rin  
has been dem onstrated  in  av ian  haem olysa tes (F a lk ,
D re se l & R im ington, 1953; D re s e l , 1955; D rese l & F a lk , 
1956 c ) .  The u t i l i z a t i o n  of th e s e  p o rp h y rin s , r a th e r  
th a n  po rphyrinogens, may be due to  th e  p resence of an 
enzyme system  capab le  of red u c in g  th e  p o rphyrin s to  
p o rp h y rin o g en s•
That u rogen -ase  can fu n c tio n  a e ro b ic a l ly  has been 
dem onstrated  by many w orkers who have shown th e  conversion  
of g ly c in e , ALA and PBG to  co p roporphyrin , p ro to p o rp h y rin  
and haem by av ian  h aem o ly sa tes . In  p a r t i c u la r  Neve,
Labbe & A ld rich  (1956) have shown th e  co n v ers io n  o f uro­
porphyrinogen  I I I  to  haem by av ian  haem olysates under 
a e ro b ic  c o n d i tio n s . The enzyme can a ls o  fu n c tio n  
a n a e ro b ic a lly  in  th e  d ark  (Bogorad, 1958 c; M auzerall 
& G ran ick , 1958; Hoare & H eath , 1959). These l a t t e r  
co n d itio n s  m inimize th e  photochem ical a u to x id a tio n  of 
po rphyrinogens.
There have been r e p o r t s  of th e  s t im u la tio n  of the  
conversion  of PBG to  coproporphyrinogen by a h ea t s ta b le ,  
low m olecu lar w eight compound (Hoare «St H eath , 1958 a ,
1959; H eath & H oare, 1959 a ,  b ; F a lk , Appleby & P o rra ,
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1959)• The work of Hoare & Heath (1959) demonstrated 
that the cofactor or cofactors were present in extracts 
of Rps. spheroides* chicken blood, pig liver, and baker*s 
yeast* These extracts stimulated both the conversion of 
FBG to uroporphyrinogen and the conversion of chemically 
synthesized uroporphyrinogen to coproporphyrinogen* This 
cofactor did not appear to contain sulphydryl groups and 
could not be replaced by thiamine.
The instability of uroporphyrinogen decarboxylase 
in the absence of GSH (Mauzerall & Granick, 1958; Hoare 
& Heath, 1959) and its inhibition by thiol inhibiting 
compounds, suggested the presence of essential sulphydryl 
groups. No inhibition by metal chelating agents could 
be demonstrated and the partial inhibition by oxygen was 
attributed to the autoxidation of uroporphyrinogen to 
uroporphyrin (Mauzerall & Granick, 1958).
14* The enzymic conversion of coproporphyrinogen to 
protoporphyrin*
The conversion of coproporphyrinogen to proto­
porphyrin involves the oxidative decarboxylation of two 
propionic acid side-chains to two vinyl groups and the 
oxidative removal of six hydrogen atoms from the porphyrin­
ogen nucleus. Very little is yet known about the enzymic
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formation of protoporphyrin from coproporphyrinogen but 
it will be demonstrated (Chapter III) and has been reported 
(Porra & Falk, 1961) that protoporphyrinogen is formed 
as an intermediate in the reaction*
It has been proposed (Porra & Falk, 1961) that the 
enzyme system responsible for the formation of proto­
porphyrinogen from coproporphyrinogen be called Mcopro­
porphyrinogen oxidative decarboxylase” (coprogen-ase).
It has also been suggested that if the subsequent oxidation 
to protoporphyrin is an enzymic process, the enzyme system 
responsible should be called ”protoporphyrinogen oxidase” 
(protogen-oxidase).
Sano & Granick (1961) have recently shownthat the 
oxidation of chemically synthesized protoporphyrinogen 
occurs more rapidly in the presence of frozen and thawed 
liver mitochondria than in their absence, suggesting the 
existence of a protogen-oxidase in mitochondria* Extracts 
of acetone-dried powders of liver mitochondria did not 
exhibit any protogen-oxidase activity*
It has been demonstrated that coprogen-ase is a 
particulate enzyme present in Chlorella (Granick, 1955b), 
in avian haemolysates (Dresel & Falk, 1956 b) and in 
Euglena (Granick & Mauzerall, 1958 b)* In particular,
48«
coprogen-ase has been found to be associated with mito­
chondria (Dresel, 1955; Sano, 1958; Sano & Granick,
1961; Porra & Falk, 1961)* The enzyme has been obtained 
in soluble form from cell particles of Euglena and chicken 
erythrocytes (Granick & Mauzerall, 1958 b) and from acetone- 
dried powders of liver mitochondria (Sano, 1958; Sano & 
Granick, 1961; Porra & Falk, 1961)* The reaction was 
completely inhibited by anaerobic conditions (Falk, Dresel 
& Rimington, 1953; Dresel & Falk, 1956 b; Sano, 1958 $ 
Granick & Mauzerall, 1958 b; Sano & Granick, 1961; Porra 
& Falk, 1961).
The mechanism of the oxidative decarboxylation step 
is obscure. There has been no separation of the oxidation 
and decarboxylation reactions in the formation of proto­
porphyrinogen. It has been suggested that the two 
reactions form a "concerted reaction" and are inseparable 
(Granick & Mauzerall, 1961).
That the two propionic acid side—chains undergo 
oxidative decarboxylation consecutively was suggested by 
the isolation and chromatographic identification of a 
tricarboxylic porphyrin associated with the enzymic formation 
of protoporphyrin (Bogorad & Granick, 1953 a, b; Falk 1955; 
Falk _et al. 1956; Sano & Granick, 1961).
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Several unsuccessful attempts have been made 
to study the conversion of the propionic acid side- 
chains to vinyl side-chains under anaerobic conditions 
using alternative electron acceptors (Chapter III; Sano 
& G-ranick, 1961)« The nature of the primary electron 
acceptor involved in this enzymic reaction is still 
unknown.
The reaction does not appear to require any 
dialysable cofactors (Chapter III; C-ranick <1 Mauzerall, 
1958 b; Sano & G-ranick, 1961; Porra & Falk, 196l)0 
Bogorad (i960) has proposed a scheme for this 
oxidative decarboxylation which resembles the reaction 
sequence of fatty acid oxidation (Pigo 12)<>
Pigo 't2. A scheme for the oxidative decarboxylation of 
a propionic acid side-chain to a vinyl group0
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Sano & Granick (1961), however, have shown that 
the porphyrinogens of deuteroporphyrin-monoacrylic acid- 
monopropionic acid and deuteroporphyrin-2:4-diacrylic 
acid are not used by the enzyme and Bogorad (i960) has 
reported that neither haematoporphyrin nor 2:4-diacetyl- 
deuteroporphyrin, nor their porphyrinogens are utilized.
It has been shown (ChapterIII) that the oxidative 
decarboxylation of the propionic acid side-chains does 
not resemble that of the oxidative decarboxylation of 
<*- oxo acids in its cofactor requirements (cf. Gunsalus, 
1954). This suggests that the oxidative decarboxylation 
of coproporphyrinogen does not involve an oxo acid 
derivative as intermediate.
Inhibition studies on soluble coprogen-ase prepara­
tions with thiol reagents, cyanide, carbonyl reagents 
and metal chelators indicate that the reaction does not 
involve any essential sulphydryl groups, haemoproteins, 
carbonyl intermediates or easily dissociated metals 
(Granick & Mauzerall, 1958b; Sano & Granick, 1961).
The specificity of coprogen-ase has been studied 
(Granick Sc Mauzerall, 1958 b; Sano Sc Granick, 1961;
Porra Sc Falk, 1961). Coproporphyrinogen III is lused by 
the enzyme but not coproporphyrinogen I and it has been 
suggested that this specificity explains the occurrence
of series IX isomers only of protoporphyrin and proto- 
haem in nature. It will he shown in this thesis that 
the specificity of coprogen-ase is not as restricted as 
previously thought, since other coproporphyrinogen isomers 
are utilized hy the enzyme.
15* The enzymic incorporation of metals into protoporphyrin.
It is now known that the insertion of iron into 
protoporphyrin is an enzymic process in living cells. 
Rimington (1958) has proposed that the enzyme system 
responsible be called "ferrochelatase"• It is not known
whether one enzyme or more is involved.
Ferrochelatase activity has been demonstrated 
in haemolysates of avian red-cells by Goldberg,
Aschenbrucker, Cartwright & Wintrobe (1956) and Krueger, 
Melnick & Klein (1956). Ferrochelatase has been shown 
to be associated with sub-cellular particles (Krueger 
et al. 1956) and in particular with mitochondria 
(Minakami, 1958; Minakami, Yoneyama & Yoshikawa, 1958;
Sano, 1958; Nishida & Labbe, 1959; Lochhead &
Goldberg, 1961). The enzyme has been obtained in 
soluble form from the particulate matter of avian 
erythrocytes Krueger et al. 1956; Minakami, Kagawa,
Sugita, Yoneyama & Yoshikawa, 1959; Neve, 1961) and from 
liver mitochondria (Minakami et al. 1958; Minakami,
1958; Nishida & Labbe, 1959)# The distribution of
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ferrochelatase activity in various sub-cellular fractions 
and in various mammalian tissues has been investigated 
by Lochhead & G-oldberg (1961).
The specificity of ferroehelatase for both 
porphyrin and metal substrate has been studied in extracts 
of liver mitochondria (Labbe & Hubbard, 1961 a, b) and in 
preparations from duck erythrocytes (Oyama, Sugita, 
Yoneyama & Yoshikawa, 1961).
The nature of the ferrochelatase reaction is not 
understood. In view of the now well-established 
importance of the porphyrinogens in haem biosynthesis, 
it seemed reasonable to anticipate that the substrate 
of the ferrochelatase reaction might be a reduced form of 
protoporphyrin. Several interesting reports of the non- 
enzymic incorporation of metals into both porphyrins and 
reduced porphyrins under conditions of physiological 
pH and temperature have been published (Neilands, 1957; 
Orlando, 1958; Heikel, Lockwood & Rimington, 1958;
Lowe & Phillips, 1961). Mechanisms which permit the 
insertion of metals into reduced porph,yTins have been 
outlined by Orlando (1958), Phillips (1961) and Lemberg 
(1961 a). The reduction state of the enzymic substrate 
was uncertain (Nishida & Labbe, 1959) and this uncertainty 
is reflected in the reviews of Bogorad (I960) and G-oldberg
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& R im in g to n  ( 1 9 6 2 ) .  I t  h a s  been  d e m o n s t r a t e d  i n  t h i s  
t h e s i s ,  ho w ev er ,  t h a t  t h e  p o r p h y r in o g e n s  a r e  no t  c o n v e r t e d  
t o  haems by f e r r o c h e l a t a s e  ( C h a p te r  I V ) .
S o l u b l e  f e r r o c h e l a t a s e  e x t r a c t s  a r e  c o m p l e t e ly  
i n h i b i t e d  by a e r o b i c  c o n d i t i o n s .  ( C h a p te r  IV; P o r r a  
& J o n e s ,  1 9 6 2 ) .  The r e q u i r e m e n t  f o r  s u l p h y d r y l  compounds 
o r  a s c o r b a t e  which  h a s  been  r e p o r t e d  by Lochhead  &
G-oldberg, (1961)  and Labbe & Hubbard ( i 9 6 0 )  has  been  
s t u d i e d  ( C h a p te r  IV; P o r r a  & J o n e s ,  1 9 6 2 ) .  These 
compounds now a p p e a r  t o  be n e c e s s a r y  o n ly  t o  keep  t h e  
i r o n  i n  t h e  f e r r o u s  form  o r  t o  l o w e r  t h e  oxygen t e n s i o n  
i n  i n c u b a t i o n  m i x t u r e s ,  when i n e f f i c i e n t  a n a e r o b i c  
t e c h n i q u e s  a r e  u s e d .
A d i s c u s s i o n  of  t h e  f e r r o c h e l a t a s e  r e a c t i o n  and i t s  
p o s s i b l e  s i g n i f i c a n c e  i n  t h e  b i o s y n t h e s i s  o f  v a r i o u s  haem 
p r o s t h e t i c  g ro u p s  a p p e a r s  i n  C h a p te r  IV.
I n  v iew  o f  t h e  i n t e r e s t  i n  c h l o r o p h y l l  and  v i t a m i n  
B.jp b i o s y n t h e s i s ,  t h e  i n c o r p o r a t i o n  o f  Mg++ and Co++ i o n s  
i n t o  p o r p h y r i n s  h a s  been  s t u d i e d  (Labbe & Hubbard ,  1961 a , b ;  
Oyama e t  a l . ,  1 9 6 1 ) .  The p o r p h y r i n - l i k e  m o ie t y  o f  
v i t a m in  B^9 h a s  been  shown t o  s h a r e  s i m i l a r  b i o s y n t h e t i c  
o r i g i n s  w i t h  p o r p h y r i n s  (Shemin, C o rc o ra n  e t  a l . , 1956; 
C o rco ran  & Shemin,  1957;  S c h w a r tz ,  I k e d a  e t  a l . , 1 9 5 9 ) .
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Ferrochelatase from red blood cells catalyses the 
the incorporation of Co++ ions into protoporphyrin but 
much less effectively than Fe++ ions (Oyama et al.,
1961). Liver ferrochelatase, however, uses Co++ ions 
as effectively as Fe++ ions (Labbe & Hubbard, 1961 a, b). 
It is possible, therefore, that the biosynthesis of 
vitamin by microorganisms may involve an enzyme 
similar to liver ferrochelatase. Labbe & Hubbard 
(1961 a, b) have shown that liver ferrochelatase does 
not incorporate Mg ions into protoporphyrin.
Recently, Granick (1961) has reported the formation 
of magnesium-protoporphyrin monomethyl ester by a 
Chlorella mutant. Tait & Gibson (1961), who have 
studied the formation of this compound in Chromatophores 
of Rps. spheroides have evidence which indicates that 
the Mg++ ions are inserted into protoporphyrin before 
the enzymic methylation by S-adenosylmethionine. This 
demonstration of the modification of a side-chain after 
the insertion of a metal into a porphyrin nucleus will 
be discussed later (see Chapter IV) in relation to 
haemoprotein prosthetic group biosynthesis.
16. The prosthetic groups of naturally occurring 
haemoprot eins.
All the tetrapyrrole moieties of the naturally 
occurring haems and chlorophylls appear to be related
to protoporphyrin IX* Although the conversion of 
protoporphyrin IX to protohaem has "been demonstrated 
(Chapter I, section 15), little is known about its 
conversion to other haems or to chlorophylls. It is 
possible that these other prosthetic groups may be 
formed from protoporphyrin IX by modification of the 
existing side-chains without rearrangement of the 
substituents from the isomer IX pattern.
The structure of several haems which are of 
importance in nature are shown in Figure 13. The 
nature of these prosthetic groups of haemoproteins 
has been reviewed by Lemberg & Legge (1949), Lemberg 
(1961) and Falk (1962), and they are very briefly 
discussed here.
Frotohaem (Fig. 1 , (5)) is the prosthetic 
group of oxygen-carrying haemoproteins, including 
haemoglobins of red blood cells, erythrocruorins of 
invertebrates and myoglobin of muscle. Similar 
haemoproteins with a protohaem prosthetic group have 
been found in yeasts, paramecium, and legume root- 
nodules. Protohaem is also the prosthetic group of 
other haemoproteins which are involved in electron 
transport and certain oxidative processes. These 
include all the cytochromes b, catalases and 
peroxidases.
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COCH
CE(KH2)
(2 3) (2 4 )
Postulated sutstituants 
ia positions
2 4
CS :CS
or CE(CE).CH5
CH(OH).CJ
CE:CE2
or CH CErCEg
or CH:CH2 CH:CH2
Pig. 13© The structure of the haem prosthetic groups 
of some naturally occurring haemoproteinso
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Haem c ( P i g .  13, ( 2 1 ) )  i s  sometimes r e g a r d e d  as  
t h e  p r o s t h e t i c  g roup  o f  t h e  cy to ch ro m es  c .  I t  i s  
d i f f i c u l t ,  how ever ,  t o  d e f i n e  t h e  p r o s t h e t i c  g ro u p  of  
cy tochrom e c ,  i n  w hich  t h e  v i n y l  g ro u p s  o f  p ro tohaem  
form  an a d d i t i o n  compound w i t h  t h e  s u l p h y d r y l  g ro u p s  of  
t h e  c y s t e i n e  m o i e t i e s  o f  a  p o l y p e p t i d e  c h a i n  of  a p o c y t o -  
chrome c .  Haem c ,  how ever ,  may he r e g a r d e d  a s  a  s im p le  
b i s - c y s t e i n e  a d d u c t  o f  p ro to h aem .
C h lo ro c ru o ro h a em  o r  s p i r o g r a p h i s  haem ( P i g .  13
( 2 2 ) )  i s  t h e  p r o s t h e t i c  g roup  o f  c h l o r o c r u o r i n ,  an
o
oxygen c a r r y i n g  p igm ent  o f  c e r t a i n  p l y c h a e t e  worms.
\
I t  d i f f e r s  f rom p ro tohaem  o n ly  by t h e  p r e s e n c e  o f  a  
f o rm y l  g roup  a t  p o s i t i o n  2.
Haem a , t h e  p r o s t h e t i c  g roup  o f  t h e  cy toch rom es  a ,  
h a s  been  t h e  s u b j e c t  of  i n t e n s e  c h e m ic a l  s t u d y  i n  
r e c e n t  y e a r s .  I n  v iew  o f  r e c e n t  s t u d i e s  on p o r p h y r i n  a 
(C lezy  & B a r r e t t ,  1961;  Lemberg,  C lezy  & B a r r e t t  1961) 
t h e  s t r u c t u r e  ( P i g .  13 ( 2 3 ) )  h a s  been  a s s i g n e d  t o  haem a .  
P o r p h y r i n  a  i s  d e r i v e d  from haem a  by t h e  rem ova l  o f  i r o n  
(C lezy  & B a r r e t t ,  1 9 6 1 ) .  T h is  s t r u c t u r e  h as  been  q u e r i e d  
by M o r r i so n  (1 9 6 1 ) ,  who f a v o u r s  t h e  p r e s e n c e  o f  an 
« r - k e t o l  s i d e - c h a i n  a t  p o s i t i o n  2. The haem a  compounds 
have  been  r e v i e w e d  r e c e n t l y  by Lemberg ( l96lbX
Haem a 2 ( F i g .  13, ( 2 4 ) )  i s  t h e  p r o s t h e t i c  group  
o f  cy tochrome a 2 which  i s  fo u n d  i n  c e r t a i n  b a c t e r i a .
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Possible structures are discussed by Barrett (1956).
Other reviews of the formyl haems have appeared 
recently (Morell, Barrett, Clezy & Lemberg, 1961; 
Lemberg, Clezy & Barrett, 1961).
17« The regulation of tetrapyrrole synthesis in living 
cells.
The regulation of cell metabolism which enables 
the cell to adapt itself to changes in environment, has 
created considerable interest in recent years and has 
been the subject of a recent symposium (Wolstenholme & 
OrConnor, 1959). Many types of control mechanisms 
exist, which are capable of influencing cell metabolism. 
These include hormonal controls, control by the nervous 
system and biochemical controls. Biochemical control 
mechanisms exist in all living cells but are especially 
important in micro-organisms which possess neither 
hormones nor a nervous system.
Biochemical forms of metabolic control may be 
described as control mechanisms at the chemical level, 
which influence the activities of various components of 
multi—reaction systems. They include spatial controls
imposed by intra-cellular structure (Siekewitz, 1959; 
de Duve, 1959), rate-limiting reactions (Krebs, 1959), 
and environmentally induced changes in enzyme patterns 
of cells effected by enzyme synthesis, enzyme repression,
enzyme i n h i b i t i o n  and enzyme a c t i v a t i o n  ( S t a n i e r ,
1954 ;  P a r d e e ,  1 9 5 9 ) .
A d a p t a t i o n  t o  changes  i n  oxygen t e n s i o n  by 
m ic r o - o r g a n i s m s  i s  o f t e n  accom panied  by f l u c t u a t i o n s  
i n  t h e  c e l l u l a r  c o n t e n t  o f  h a e m o p r o te i n s  (Knox,
A uerbach  & L i n ,  1956; S l o n i m s k i ,  1953, 1956;  Moss, 
195 6 )  and b a c b e r i o c h l o r o p h y l l s  (Cohen—B a z i r e , S i s t r o m  
& S t a n i e r ,  1957;  L a s c e l l e s ,  1959 ,  I 9 6 0 ) .  F l u c t u a t i o n s  
i n  t h e  b i o s y n t h e s i s  o f  h aem o g lo b in  and r e d  b l o o d  c e l l  
l o r m a t i o n ,  accom panying  chan g es  i n  oxygen t e n s i o n ,  have  
a l s o  been  o b s e r v e d  i n  m u l t i —c e l l u l a r  o rg a n i s m s  (G ran t  
& R o o t ,  1947;  Pox,  1955;  J a c o b s o n ,  G o ld w a ss e r ,  P r i e d  & 
P l a z k ,  1957;  Gordon, 1 9 5 9 ) .
The c o n t r o l  o f  e r y t h r o p o i e s i s  by oxygen t e n s i o n  
i s  a  complex phenomenon i n v o l v i n g  horm onal  t y p e  c o n t r o l  
by " e r y t h r o p o i e t i c  s t i m u l a t i n g  f a c t o r s "  (ESP),  which  
may be  s y n t h e s i z e d  more r a p i d l y  o r  p r o t e c t e d  f ro m  d es ­
t r u c t i o n  a t  low oxygen t e n s i o n s  ( c f .  Gordon, 1 9 5 9 ) .
That h a em o g lo b in  s y n t h e s i s  may l i k e w i s e  be s t i m u l a t e d  
by ESP h a s  b een  p o s t u l a t e d  by Linman, B e t h e l  & Long 
(1 9 5 8 ) ,  who have  d e m o n s t r a t e d  t h a t  ESP o b t a i n e d  from t h e  
p lasm a o f  a n im a l s  t r e a t e d  w i t h  P h e n y l h y d r a z in e  i n c l u d e s  
two f a c t o r s ;  one h e a t - s t a b l e  and e t h e r - s o l u b l e  which  
s t i m u l a t e s  e r y t h r o b l a s t i c  c e l l  d i v i s i o n  and  a n o t h e r  
which i s  h e a t - l a b i l e  and e t h e r - i n s o l u b l e
59.
w h ich  s t i m u l a t e s
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haemoglobin synthesis. The chemical nature of ESF is 
still uncertain but it has been suggested that it is a 
glycoprotein of low molecular weight associated with a 
small polypeptide (cf. Gordon, 1959).
The mechanisms regulating bacteriochlorophyll 
biosynthesis in Rps* spheroides have been shown to be 
of a biochemical nature, associated with fluctuations 
in the activities of the various enzymes involved in 
tetrapyrrole biosynthesis (Lascelles, 1959, I960;
Chapter I, sections 7 & 9).
Work presented in this thesis shows that haem 
biosynthesis may be controlled by similar biochemical 
mechanisms when oxygen tensions are varied (Chapter II;
Falk, Porra, Brown, Moss & Larminie, 1959). The 
results show that the conversion of PBG to uroporphyrin 
may be inhibited by high oxygen tensions.
As already discussed, some steps associated with 
ALA biosynthesis and the conversion of coproporphyrinogen 
to protoporphyrin are aerobic reactions. Other reactions 
of porphyrin and haem biosynthesis such as the incorporation 
of iron into protoporphyrin and possibly the conversion 
of PBG to uroporphyrinogen are inhibited by oxygen.
It seems likely, therefore, that the control of tetra­
pyrrole biosynthesis by oxygen tension is a finely
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balanced and complicated phenomenon*
Sano & Granick (1961) have postulated a biochemical 
mechanism for the control of porphyrin and haem bio­
synthesis which depends upon the intracellular location 
of the various enzymes involved and the separation of 
these enzymes by the mitochondrial membrane. It has 
been suggested that the permeability of the mitochondrial 
membrane may regulate the concentration of substrates 
at the sites of enzymic reaction.
The role of mitochondria in the formation of 
porphyrins and haem has been studied extensively by 
Sano (1958) and Rimington & Tooth (1961).
18o The purpose of the present investigations.
The work embodied in this thesis reports 
investigations into several aspects of porphyrin and 
haem synthesis.
The work in Chapter II shows that the rate 
of enzymic formation of porphyrinogens and haem in 
chicken blood preparations fluctuates with variations 
in the ambient oxygen tension. The nature of the 
control mechanisms in the biosynthetic pathway have ' 
been investigated.
These studies also include an investigation of 
the mechanism of oxidative decarboxylation of copro­
porphyrinogen to protoporphyrin in soluble enzyme
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extracts from bovine liver mitochondria (Chapter III)*
The work reported in Chapter IV describes the 
properties of ferrochelatase from pig-liver mitochondria* 
The rate of incorporation of Fe ions varies with 
different porphyrins and this is discussed in relation 
to the various side-chains on the porphyrin nucleus.
The occurrence of this enzyme in several micro-organisms 
is reported.
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C H A P T E R  II
THE EFFECT OF OXYGEN TENSION ON PORPHYRIN 
BIOSYNTHESIS IN AVIAN ERYTHROCYTE PREPARATIONS
Introduction
It is well known (cf. Slonimski, 1956) that in 
micro-organisms the nature and concentration of cytochrome 
is conditioned by oxygen tension. Moss (1956) showed, 
with Aerobacter aerogenes, that if a range of oxygen tensions 
is studied, the concentrations of cytochromes a^, a^ and 
b pass through maxima.
In higher animals decreased oxygen tensions, as 
for example at high altitudes, lead to increased erythro- 
poiesis with concurrent increases in haemoglobin 
(cf, Gordon, 1959). These changes are effected, partly 
at least, through the agency of hormonal factors.
It was interesting to test with an enzyme system 
from higher animals, in which porphyrins and haem are 
synthesized in vitro, whether oxygen tension exerts any 
direct effect on the biosynthesis of the prosthetic 
groups of haemoproteins under conditions where hormonal 
effects are likely to be minimal. As is shown below, 
oxygen tension does indeed regulate porphyrin biosynthesis.
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EXPERIMENTAL 
Mat; e rials
Ether used was of A.R. grade washed with water till free 
of peroxide as determined by the potassium iodide method 
(cf. Weissberger, Proskauer, Riddick & Toops, 1955). 
Hydrochloric acid solutions were prepared from A.R, grade 
reagent. The concentrations of all HC1 solutions are 
stated in tfo (w/v) to conform with the HC1 number (Willstätter 
number) convention, which is widely used in porphyrin 
purification.
ALA was supplied by Monadnock Research Institute, Antrim,
New Hampshire, U.S.A.
PEG- A crystalline sample of PBG.HC1 was generously 
donated by Professor C. Rimington, University College 
Hospital Medical School, London .
Ehrlich1s reagent used was a 2$ w/v solution p-dimethyl- 
aminobenzaldehyde (A.R.) in 5$ HC1.
[2-^C] glycine, specific activity 1 mC per 15.6 mg., was 
supplied by the Radiochemical Centre, Amersham, Bucks.
Gto Britain.
Heparin, penicillin G and streptomycin were commercial 
pharmaceutical preparations.
Cyclohexanone and ethyl acetate used were laboratory grade 
reagents.
Ethyl acetate-acetic acid reagent was prepared by mixing
three volumes of ethyl acetate with one volume of glacial
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acetic acid.
All other chemicals used were of A.R. grade.
Chicken blood was collected in 500 ml batches into 2 ml 
of 0.9$ NaCl containing 20 mg. each of penicillin G 
streptomycin and heparin.
Erythrocyte suspensions were prepared from chicken 
blood by the method of Dresel & Palk (1956 a). Heparin 
penicillin G and streptomycin (1 mg each) were added 
to each 25 ml of this preparation.
Haemolysates were prepared from the erythrocyte suspensions 
by the method of Dresel & Palk (1956 b).
Haemolysate supernatants were prepared by centrifuging 
the haemolysates for 60 min. at 30,000 rev./min. at 4° 
in the 30 rotor of a Spinco (model L) centrifuge. The 
clear red supernatant was removed by pipette. Both 
haemolysates and haemolysate supernatants could be stored 
at -15° for several weeks without loss of porphyrin 
synthesizing activity.
Methods
Incubations. All incubations were carried out in 100 ml. 
conical flasks fitted with Bunsen valves under gas 
atmospheres described in the text. Except where other­
wise stated, chicken blood (25.0 ml), erythrocyte 
suspensions (25.0 ml) or haemolysate (10.5 ml) was
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incubated with MgCl2 (0.05 M), KC1 (lO“^ )  and glycine,
ALA or PBG at the concentrations indicated in the text.
The mixtures were agitated by shaking at 120 cycles per 
min.
Gas mixtures. All gas mixtures contained 5$ C02 and the 
concentrations of 02, N2 and C02 were regulated by the 
use of the constant flow apparatus of Bailey (1954).
The gas mixtures were passed over the incubations at the 
rate of 10.0 ml. per min.
Extraction, isolation and determination of uro-, copro- 
and proto- porphyrins. At the end of incubation, ethyl 
acetate—acetic acid (10 volumes) was added to the mixture 
with rapid stirring and exposed to light and air for 1hr. 
to convert any porphyrinogens which may be present to 
porphyrins (cf. Sano & Granick, 1961). The porphyrins 
were then isolated by the method of Dresel & Falk (1956 a), 
the uroporphyrin being isolated by the cyclohexanone method. 
The uro-, copro- and protoporphyrin fractions were collectedA
in 2$, 0.36$ and 10$ HC1 respectively. The extinctions 
of these solutions were read in a Beckman (model DU) 
spectrophotometer and the corrected extinctions at the 
Soret peaks (d) were calculated using the following 
formulae adapted from those of Rimington & Sveinsson (1950):
p-p405 st, o 88 Tp397uroporphyrin, d = ^1cm U‘C0 ^1cm
0.745
9
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2E1om - (E1cm + E1om}coproporphyrin, d = --- ------------------ L— , and
1.835
protoporphyrin, d =
The 6 ^  values used were: protoporphyrin, 275
(G-rinstein & Wintrobe, 1948); coproporphyrin, 478 
( Brugsch & Kubowitz, 1953); and uroporphyrin, 541 
(Rimington & Sveinsson, 1950),
PBG assay« At the end of incubations, proteins were
precipitated and washed at the centrifuge with chilled
trichloroacetic acid solutions. The clear trichloroacetic
acid extracts, containing 5% trichloroacetic acid, were
then assayed for PBG by the method of Cookson & Rimington
(1954), which depends upon the colour developed with
Ehrlich*s reagent. When 500 ml. of an aqueous solution
of PBG containing 1.0 m mole of PBG is added to an equal
552volume of Ehrlich’s reagent then the ^ Qm - 34.6
(cf. Cookson & Rimington, 1954).
Haem assay. At the end of incubation the haem present, 
including the newly synthesized f^C] haem was converted 
to copper-protoporphyrin dimethyl ester and from the 
radioactivity of this, the amount of newly synthesized
«I ^
[ C] haem was calculated as described by Dresel & Falk 
(1956 a).
68
Results
It is now clear that uro-, copro— and proto- 
porphyrinogens are intermediates in the biosynthesis 
oi haem. The enzymic conversion of protoporphyrin 
to protohaem is the first reaction in the sequence 
to involve a porphyrin (cf. Chapter IV). In this 
work, porphyrinogens and porphyrins were determined 
together as the corresponding porphyrins (see Methods).
For brevity, the data in tables and figures are expressed 
as porphyrins.
The effect of various oxygen concentrations upon haem 
and porphyrinogen synthesis from glycine in chicken blood.
The results shown in Fig. 14 demonstrate the effect 
of oxygen concentration in the ambient atmosphere upon 
the conversion of glycine to porphyrinogens and haem in 
chicken blood. The percentage oxygen concentrations 
(p02), because of their wide range, have been plotted 
on a logarithmic scale and the zero position, corresponding 
to anaerobiosis, has been arbitrarily placed.
Under the conditions described, the synthesis of 
protoporphyrin and haem are linearly related to time 
(Fig. 15; cl. Dresel & Falk, 1956 a). The maximum 
rate of protoporphyrin synthesis is reached when the 
oxygen concentration is 7$.
The optimal pC>2 for haem biosynthesis is less
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Fig. 14. Control by oxygen tension of protohaem and 
porphyrin biosynthesis from glycine. Chicken blood 
(25. .0 ml) was incubated with 0.056 M-glycine (containing 
10 ilC of [ 2-^C ] glycine) for 8 hr. at 37° as described in 
the text; final volume, 30.0 ml. □  , protohaem; A  * 
coproporphyrin; O  , protoporphyrin.
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clearly defined and several subsequent experiments have 
failed to show any significant alteration in the shape 
of the pO^ curve for haem synthesis. Because it
was desired to accentuate the oxygen tension effect on
+ * 4*the synthesis of protoporphyrin, no Be ions were added 
in these experiments and this is certainly the reason 
for the plateau in the curve for haem formation. It 
is known that Fe ion concentration limits haem formation 
under these conditions (Dresel & Falk, 1956 a).
Only small amounts of coproporphyrin were detected 
in anaerobic incubations but the amount is increased to 
a maximum when the oxygen concentration reaches 1$.
This stimulation is due to the requirement of oxygen 
for the synthesis of succinyl-CoA. The coproporphyrin­
ogen-synthesizing system is obviously not operating 
at its optimal rate in 1$ oxygen, since the curves for 
protoporphyrin and protohaem formation both reach a 
maximum 7iQ oxygen. The optimum for coproporphyrinogen 
formation is, of course, obscured because of its 
concurrent conversion to protoporphyrin and haem.
The results shown in Fig. 15 demonstrate that 
the inhibition of protoporphyrin biosynthesis in chicken 
blood by high p09 is reversed by reducing the pO^.
Pig* 15. Reversibility of the oxygen inhibition of proto­
porphyrin biosynthesis. Chicken blood (10.5 ml.) ";as 
incubated with glycine (0.056 M) for 8 hr. at 37° as 
described in the text; final volume, 12.0 ml. O , in 5$ O2 ;
A , in 95$ O2 ; □  , in 95$ O2  for 4 hr., then in 5$ O2  
for a further 4 hr.
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The effect of p02 upon the conversion of glycine to
protoporphyrin in erythrocyte suspensions.
The results in Pig. 16 demonstrate that p0? has 
a similar effect upon protoporphyrin and coproporphyrin­
ogen iormation in the erythrocyte suspensions to that 
already observed in chicken blood# The activity in 
erythrocyte suspensions, however, is approximately a 
seventh of that observed in chicken blood; this is 
possibly due to the removal of metabolic substrates for 
succinyl—CoA formation on removing the serum and washing 
the cells#
The effect of pO^ upon the conversion of ALA and PBG-
to porphyrins in haemolysates#
The results shown in Pig. 17 again demonstrate a 
maximum rate of protoporphyrin synthesis at p02 = 7$.
Under the conditions described, ALA concentration is 
non-limiting#
Oxygen is required for the conversion of copro­
porphyrinogen to protoporphyrin but is not essential for 
the conversion of ALA to coproporphyrinogen# This is 
confirmed by the results shown in Pig. 17; under 
anaerobic conditions protoporphyrin formation is insignif­
icant but coproporphyrinogen synthesis is considerable. The
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P i g .  16. E f f e c t  of oxygen t e n s i o n  on t h e  c o n v e r s i o n  of 
g l y c i n e  t o  p o r p h y r i n o g e n s  by e r y t h r o c y t e  s u s p e n s i o n s .  
E r y t h r o c y t e  s u s p e n s i o n  ( 2 5 . 0  ml)  was i n c u b a t e d  w i t h  g l y c i n e  
( 0 .0 5 6  M) f o r  10 h r .  a t  37° a s  d e s c r i b e d  i n  t e x t ;  f i n a l  
vo lum e,  30 m l .  O , p r o t o p o r p h y r i n ;  A , c o p r o p o r p h y r i n 0
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Pig. 17. Effect of oxygen tension on the conversion of 
ALA to porphyrinogens Ly haemolysates. Haemolysate (10.5 ml.)
was incubated as described in the text for 2 hr. at 37° with 
6.7 p. moles of ALA; final volume, 12.0 ml. □  , uroporphyrin; 
A , coproporphyrin; Q , protoporphyrin.
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coproporphyrinogen-synthesizing system, however, is 
clearly not operating at its optimum rate under 
anaerobic conditions, since in 7$ oxygen the total 
coproporphyrin and protoporphyrin detected is approximately 
double that observed under anaerobic conditions.
The results in Pig. 18 show that the conversion 
of PBG to protoporphyrin is maximal in 5$ oxygen.
Since the concentration of PBG was limiting at 2 hr.
(see Pig. 19), the real stimulation of protoporphyrin 
formation between 1# and gft oxygen is probably greater 
than that observed and, likewise, the true inhibitory 
effect of high pO^ might also be partly obscured.
The effect of pG  ^upon the conversion of ALA and PBG to 
porphyrins in haemolysate supernatants.
In these preparations, the particulate enzymes 
responsible for the conversion of coproporphyrinogen 
to protoporphyrin have been removed.
The results in Pig. 17 showed that uroporphyrinogen 
synthesis from ALA by haemolysates was inhibited by high 
pOpo Further studies with haemolysate supernatants, 
using ALA as substrate, shows that high p02 inhibits 
the conversion of PBG to uroporphyrinogen since PBG 
accumulates under these conditions (Table 1).
This inhibition of uroporphyrinogen formation 
from PBG was demonstrated more directly using PBG as
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5,0 7,0
Pig. 18. Conversion of PBG- to porphyrinogens in haemo- 
lysates at various oxygen tensions. Haemolysate (s0.5 ini.) 
was incubated for 2 hr. at 37 with i • i p moles oi -jdC- as 
described in text; final volume, 12.0 mis. > coproporph^/iin; 
O  , protoporphyrin.
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Table 1
The inhibition of the conversion of ALA to 
porphyrinogens by high pC>2
Haemolysate supernatant (10.5 ml.) was incubated 
for 2 hr. at 37° with 7.6 p moles of ALA (i.e. 950 pm
<jig
moles of porphyrin equivalent'') as described in the 
text; final volume, 12.0 ml. The amounts of 
unconverted ALA were not determined.
°2
in the 
gas phase' 
(0
Compounds synthesized 
(pm moles)
PBG- Uroporphyrin C oproporphyrin Protoporphyrin
1 279 82 14 2
5 318 66 15 2
7 310 50 14 2
14 243 28 14 0
20 344 28 13 0
95 337 21 11 0
* Eight molecules of ALA are required to form one porphyrin 
molecule, and are thus one ’’porphyrin equivalent”, as are 
four molecules of-PBG- (cf. Dresel & Falk, 1956 b).
** Expressed as pm moles of porphyrin equivalent.
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substrate (Table 2, Fig. 19 & 20). The incomplete 
recoveries (Table 2) are due to the loss of a consistent 
proportion of uroporphyrin during the assay procedure 
(cf. Dresel & Falk, 1956 a).
The experiments described in Fig. 19 were performed 
with limiting concentrations of PBG-. Even under these 
conditions, the inhibition of uroporphyrinogen formation 
by 02 is clearly observed, and the reversal of the 
inhibition could be demonstrated.
The inhibition of the formation of uroporphyrin­
ogen from PBG- and its reversibility were demonstrated 
also when PBG concentration was no longer limiting 
(Fig. 20).
The stability of porphyrins.
The decrease in the amount of porphyrins detected 
after incubation at high p0? might possibly have been 
due to instability of the porphyrins, but the data in 
Tables 3 and 4 show that uro-, copro- and proto­
porphyrins are stable under these conditions. As 
shown in Table 3, copro- and proto-porphyrinogens 
synthesized in air from ALA by haemolysates and the
Vporphyrins formed from them by autoxidation are not 
degraded by exposure to atmospheres containing high 
concentrations of oxygen.
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Table 2
The inhibition of the conversion of PEG to 
porphyrinogens by high p09
Haemolysate supernatant (10.5 ml.) was incubated for 
2 hr. at 37° with 1.2 u moles of PBG (i.e. 300 pm 
moles of porphyrin equivalent) as described in the text; 
final volume, 12.0 ml.
°2
in the 
gas phase
' w
PBG
£
remaining^1'
Porphyrins synthesized 
(pm moles)
Total
Recovery1'Uro­
porphyrin
Copro­
porphyrin
Proto­
porphyrin
0 36 169 43 8 256
1 53 170 35 6 264
5 58 135 56 6 255
7 67 123 39 7 236
20 - 65 49 6 -
95 88 74 50 5 217
* Expressed as pm moles of porphyrin equivalent
./
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I O O
TIME ( hr.)
Pig. 19. The inhibition of the conversion of PBG- to 
uroporphyrinogen. Haemolysate supernatant (10.5 ml.) was 
incubated with P3G- (1.2 u moles) at 37° as described in the 
text; final volume, 12 ml. O  , uroporphyrin formed under N2?
A  , uroporphyrin formed under 20/£ O2 ; □  , uroporpnyrin 
formed under N2  after 30 min. incubation in 20$ O2 .
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F i g .  20 .  The r e v e r s i b l e  i n h i b i t i o n  of t h e  c o n v e r s i o n  
of PBG- t o  u r o p o r p h y r i n o g e n  by oxygen.  H aem o ly sa te  s u p e r ­
n a t a n t  ( 1 0 .5  m l . )  was i n c u b a t e d  w i t h  PBG- ( 3 .5 6  p m o le s )  a t  
37° a s  d e s c r i b e d  i n  t h e  t e x t ;  f i n a l  vo lu m e ,  1 2 .0  m l .  □  , 
i n  N2 ; □  , i n  20 $ 0^ ;  A ; ,  i n  20$ 0^ f o r  1 /2  h r .  f o l l o w e d  
by N2  f o r  1 h r .
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Table 3
The stability of copro- and proto- porphyrins to oxygen
Haemolysate (42.0 ml.) was incubated as described 
in text with ALA (8.2 jjl moles) for 4 hr. at 37° in air; 
final volume, 48 ml. The incubation mixture was then 
divided into four 12.0 ml. aliquots. One aliquot 
(control) was assayed for copro- and proto- porphyrins. 
The other three aliquots were then subjected to the 
treatments described and were then assayed for copro- 
and proto- porphyrin.
Treatment
Porphyrin recovered 
(fim moles)
Proto- Copro-
Nil (control) 147.0 10.2
4 hr. in 50$ oxygen at 37° 144.3 11.4
4 hr. in 70$ oxygen at 37° 148.0 9.7
4 hr. in 95$ oxygen at 37° 152.3 12.8
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Table 4
The stability of added uroporphyrin to oxygen
Uroporphyrin (13•9 urn moles in 0,4 ml. of 
0.002N-Na0H) was added to haemolysate (10.5 ml.) and 
was incubated at pH7.4 for 4 hr. at 37° under various 
oxygen tensions.
Incubation period
(Hr.)
0o in the gas phasew Uroporphyrin recovered (urn moles)
0 — 6.9
4 0 7.0
4 20 5.3
4 100 6.5
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The results shown in Table 4 indicate that exposure 
for 4 hr. to conditions of high pC^ does not greatly 
affect the amount of recoverable uroporphyrin. The 
low recoveries of uroporphyrin under all the conditions used 
can again be explained by the loss of a consistent 
proportion of uroporphyrin during the assay.
Further confirmation that uroporphyrinogen or 
intermediates in the enzymic conversion of PBG- to 
uroporphyrinogen are not destroyed by high pO2 is 
afforded by curve 2 in Fig. 19. Even after 30 min. 
in 20$ Ogt further incubation in Ng led to the formation 
of the same total amount of uroporphyrin as did 
incubation in ^  throughout.
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Discussion
The study presented here demonstrates that the 
rates of haem and porphyrinogen biosynthesis in vitro 
from glycine, ALA and PBG in intact chicken erythrocytes 
and in cell-free preparations from them are regulated 
by the pOg of the ambient atmosphere.
It is known that two steps in the biosynthesis of 
haemoglobin require oxygen: the conversion of acetate
to succinyl- CoA by citric acid cycle activity and the 
conversion of coproporphyrinogen to protoporphyrin.
It is also known that ferrochelatase is inhibited by 
oxygen (see Chapter IV) and that the liberation of iron 
from storage in liver ferritin is stimulated by low 
oxygen tension (Green & Mazur, 1956).
The study presented here shows an inhibition by 
oxygen of another step in the biosynthetic chain: the
conversion of PBG to uroporphyrinogen. It is note­
worthy that at sea-level oxygen tension (20$) this 
inhibition is quite marked and that large increases in 
rate occur as the oxygen concentration is reduced to 
about 7$* This means, of course, that in previous 
in vitro studies of porphyrinogen and haem biosynthesis 
in similar preparations under aerobic conditions, the 
rates of synthesis have been sub-optimal.
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This oxygen inhibition of uroporphyrinogen formation 
from PBG- is reversed by decreasing the pOg* It is 
possible, therefore, that this regulation of uroporphyrin­
ogen formation by pC^ might constitute a biochemical 
control mechanism for haemopoiesis, additional to the 
known humoral mechanisms, and explain in part the 
phenomenon of increased haemopoiesis at high altitudes.
It would be of considerable interest to know if the 
magnitude of the variation of pOg , occurring in vivo 
at the sites of haem formation when animals are subjected 
to changes in altitudes, is sufficiently large to cause 
significant changes in the rate of uroporphyrinogen 
formation.
The regulation of uroporphyrinogen formation by 
oxygen tension might also contribute to the anoxic 
stimulation of haemopoiesis observed in certain 
invertebrates (Pox, 1955), to the inhibition of 
erythropoiesis by high oxygen tensions in tissues 
(Toha e_t al. 1955; Jacobson et al. 1957) and to 
cytochrome synthesis in bacterial cells adapting to 
aerobic conditions (Slonimski, 1956). It would be 
interesting to investigate the mechanisms which control 
haem synthesis in obligate anaerobes, such as 
Chlorobium and Chromatium which contain cytochromes.
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C o h e n -B a z i r e  a l .  (1957)  o b s e r v e d  t h a t  oxygen 
i n h i b i t e d  t e t r a p y r r o l e  s y n t h e s i s  i n  R p s . s p h e r o i d e s ; 
b a c t e r i o c h l o r o p h y l l  s y n t h e s i s  by c u l t u r e s  g rowing  u n d e r  
n i t r o g e n  i n  c o n t i n u o u s  i l l u m i n a t i o n  was i n h i b i t e d  when 
t h e  gas  p h a se  was r e p l a c e d  by a i r .  L a s c e l l e s  (1959) 
h a s  shown t h a t  b a c t e r i o c h l o r o p h y l l  s y n t h e s i s  by 
R p s . s p h e r o i d e s  grown i n  t h e  d a rk  i s  a f f e c t e d  by oxygen 
c o n c e n t r a t i o n  and t h a t  o p t im a l  s y n t h e s i s  o c c u r s  a t  
61°  oxygen.  I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  t h e  r e v e r s i b l e
i n h i b i t i o n  o f  t h e  c o n v e r s i o n  o f  PBG- t o  u r o p o r p h y r in o g e n  
o b s e r v e d  i n  h a e m o ly s a t e s  and h a e m o ly s a t e  s u p e r n a t a n t s  
m igh t  a l s o  be s i g n i f i c a n t  i n  t h i s  r e g u l a t i o n  o f  
b a c t e r i o c h l o r o p h y l l  s y n t h e s i s  i n  R p s . s p h e r o i d e s .
L a s c e l l e s  (1959,  I 9 6 0 )  h a s  d e m o n s t r a t e d  t h e  s t i m u l a t i o n  
a l s o  o f  b a c t e r i o c h l o r o p h y l l  s y n t h e s i s  when R p s . s p h e r o i d e s  
i s  a d a p t i n g  t o  i l l u m i n a t e d  and a n a e r o b i c  c o n d i t i o n s .
This  l a t t e r  s t i m u l a t i o n  can be e x p l a i n e d  i n  p a r t ,  a t  
l e a s t ,  by t h e  s y n t h e s i s  o f  A L A -sy n th e ta se  and ALA- 
d e h y d ra s e .
The r e s u l t s  shown i n  T ab le  3 d e m o n s t r a t e  t h a t  
c o p ro — and p r o t o — p o r p h y r i n o g e n s  a s  w e l l  as  t h e  p o r p h y r i n s  
fo rm ed from them by a u t o x i d a t i o n  a r e  n o t  d e g ra d e d  by 
h ig h  oxygen c o n c e n t r a t i o n s .  N e v e r t h e l e s s ,  t h e  c o n v e r s i o n  
by a u t o x i d a t i o n  o f  u r o -  and c o p r o - p o r p h y r i n o g e n s  t o  t h e
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corresponding porphyrins might also contribute to the 
inhibition of protoporphyrin and protohaem synthesis by 
high oxygen tensions.
Summary
1. The rates of biosynthesis of protoporphyrin and 
protohaem from glycine in certain chicken blood 
preparations have been shown to increase as the pC>2 
rises from 0 to 7$ and to decrease as the pC>2 rises 
above 7$. This inhibition by high pC>2 was reversed 
by decreasing the p02.
2o The effects of pC>2 upon porphyrinogen biosynthesis 
have been studied in chicken blood, erythrocyte suspensions, 
haemolysates and haemolysate supernatants.
3o Studies of the inhibition of protoporphyrin formation 
by high p02 in haemolysates suggested that this inhibition 
might be due to the inhibition of the conversion of PBG 
to uroporphyrinogen. The inhibition of this step has 
been demonstrated directly in a haemolysate supernatant 
using PBG as substrate, and the reversal of this 
inhibition on decreasing the p0o was shown.
4. The ability of chicken blood preparations to 
synthesize coproporphyrinogen from glycine was shown to 
be stimulated as the p02 was increased from 0 to
approximately 7 Negligible amounts of coproporphyrinogen
89.
were synthesized under N^, in accordance with the 
known requirement for oxygen in the conversion of 
glycine to coproporphyrinogen.
5. Synthesis of uro- and copro- porphyrinogens from 
ALA and PBG- in haemolysate supernatants was shown to 
be maximal in anaerobic conditions, demonstrating that 
09 is not required in these conversions.
6. The stability of uro-, copro- and proto­
porphyrins to high concentration of oxygen has been 
demonstrated.
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C H A P T E R  III
A STUDY OP COPROPORPHYRINOGEN OXIDATIVE DECARBOXYLASE 
FROM BEEF LIVER MITOCHONDRIA
Introduction
When these studies were commenced, it was not 
clear whether the conversion of propionic acid side- 
chains to vinyl groups by coprogen-ase preceded the 
oxidation of protoporphyrinogen to protoporphyrin or 
whether the two reactions were concurrent. The 
existence of a protogen-oxidase, although unproven, 
is suggested by the studiescf Nishida & Labbe (1959) 
and Sano & G-ranick (1961). The oxidative decarboxylation 
of the propionic acid side-chains, without further oxidation, 
would lead to the formation of protoporphyrinogen, and 
evidence will be presented that this compound does occur 
as an intermediate. In addition protein-bound porphyrins 
were observed in which the porphyrins were bound apparent­
ly by covalent bonds. These compounds may have arisen 
in turn by the oxidation of protein-bound porphyrinogens.
Some attention was given to analytical methods.
The porphyrinogens do not possess an absorption spectrum
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suitable for their spectrophotometric assay and are, 
therefore, oxidized to and determined as porphyrins.
Previous assays have depended upon the isolation of 
protoporphyrin from other porphyrins present, but an 
assay has now been developed which allows the determination 
of protoporphyrin in the presence of coproporphyrin.
During the investigation of the distribution of 
coprogen-ase in chlorophyll containing plant extracts, 
a paper chromatographic procedure was developed for the 
identification of porphyrins in the presence of chlorophylls 
and other plant pigments.
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EXPERIMENTAL
Materials
Cofactors, Inhibitors and electron acceptors: Avidin
(2,000 units/g. ), deoxypyridoxine HCl, and oxythiamine 
HCl were supplied by the Nutritional Biochemical 
Corporation, Ohio; Flavine adenine dinucleotide (FAD), 
phenazine methosulphate, pyridoxal phosphate and 
thiamine pyrophosphate were supplied by the Sigma 
Chemical Co., Missouri; (+)-biotin was obtained from 
3.A.F. Hoffmann-La Roche, A.G-. Basel; Cytochrome c 
from horse heart was obtained from Boehringer & Sohne, 
Mannheim, Germany; Pyrithiamine HBr was supplied by 
the California Corporation for Biochemical Research,
Los Angeles; Indophenol-2:6-dichloroindophenol and 
methylene blue were obtained from British Drug Houses, 
Pty. Ltd.
Porphyrins: Coproporphyrin I, coproporphyrin III and
uroporphyrin III, prepared from their methyl esters 
(cf. Falk & Benson, 1953) were supplied by Dr. J.E. Falk 
Coproporphyrin IY tetramethyl ester (cf. Morsingh & 
MacDonald, I960) and uroporphyrin II octaethyl ester 
(cf. MacDonald & Michi, 1956) were a gift from 
Dr. S.F. MacDonald, National Research Council, Ottawa.
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The uroporphyrin II ester was decarboxylated by the 
method of Arsenault, Bullock & MacDonald (i960) to 
coproporphyrin II tetraethyl ester, and this and the 
coproporphyrin IV ester were hydrolysed to coproporphyrin 
II and coproporphyrin IV by treatment with 25$ HC1. 
Deuteroporphyrin-4-propionic acid was prepared from the 
trimethyl ester of deuteroporphyrin-4-acrylic acid supplied 
by Mr, J. Barrett, Royal North Shore Hospital, Sydney.
The acrylic ester was hydrolysed in the dark in 25$ HC1 
at room temperature. The free porphyrin was extracted 
into ether at pH4 and this solution washed extensively 
with water before evaporating to dryness under reduced 
pressure. The porphyrin was then redissolved in 0.2N- 
NH^OH and the acrylic acid group and the porphyrin nucleus 
concurrently reduced with sodium amalgam. When the 
solution became colourless, the porphyrinogen formed was 
oxidized with and the excess Quickly removed with 
cysteine. The porphyrin so formed was re-extracted 
into ether at pH4; in neutral ether it had an aetio- 
spectrum (cf. Lemberg & Falk, 1951) (399, 499, 534, 569 
and 623 mp); the original acrylic compound in neutral 
ether has a rhodo-spectrum (412, 505, 544.5, 575 and 
637 mp). The ether solution was evaporated to dryness 
under reduced pressure. The porphyrin was redissolved
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in 0.2 N-NH^OH and the porphyrinogen was prepared as 
described (below).
Porphyrinogens: A number of porphyrinogens indicated
in the text were prepared oy reduction of the corresponding 
porphyrins with sodium amalgam (cf. Mauzerall and G-ranick, 
1958). The reduction of coproporphyrin III to the 
porphyrinogen was found to be 95$ to 98$ efficient.
The final concentration of porphyrinogen solutions, after 
adjusting to pH 7.4 with acetic acid, was usually adjusted 
to 40 pm moles/ml. Protoporphyrinogen was prepared by
reduction with sodium borohydride as described by 
Nishida & Labbe (1959).
Triethylaminoethylcellulose (TEAE-cellulose) was generously 
supplied by Dr, R.F. Blakely, Department of Biochemistry, 
Australian National University, Canberra.
Beef liver extract. Fresh bovine liver was collected 
from the local abbattoirs in chilled 0.25M-sucrose and 
mitochondria were prepared by the method of Mahler,
Wakil & Boch (1953). An acetone-dried powder of 
mitochondria was prepared by the method of Morton 
(1955). The acetone-dried powder (10 g.) was extracted 
for 6 min. with 50 ml. of chilled 0.04 M-potassium 
phosphate buffer, pH 7.4, in an ice-cooled
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Servall Omnimixer using a 50 ml, chamber and operating 
at 83^ of line voltage. The suspension was centrifuged 
for 30 min. at 4° at approximately 15,000 x g. Two 
further extractions (20 ml. each) were required to 
extract all coprogeriase activity from the pellet.
A
The combined supernatants were centrifuged at 30,000 
rev./min. for 60 min. at 4° (30 rotor, Spinco model L 
centrifuge). The supernatant was dialysed overnight 
against 10 volumes of 0.04 M-potassium phosphate buffer 
at 4°. Approximately 90 ml. of extract was obtained 
from 10 g. of acetone-dried powder. The protein content 
was assayed by the method of Lowry, Rosebrough, Parr & 
Randell (1951) and found to be approximately 12.0 mg./ml. 
Suspensions of Chloroplasts and leaf mitochondria.
Chloroplast pellets were prepared from oat- and 
spinach- leaves by the method of Gorham (1955). 
Mitochondria, contaminated with chloroplast fragments 
were then obtained by centrifugation of the supernatant 
from the chloroplast preparation. The chloroplasts and 
mitochondria from 20 g. of tissue were resuspended in 
20 ml. and 10 ml., respectively of 0.5 M sucrose.
Tween 20 extracts of liver- and leaf- mitochondria and 
of chloroplasts.
These were prepared by extracting pellets of the 
particles with 10 volumes of 0.1M-KHC0^ (containing
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10 m g . /m l ,  of  Tween 20) i n  a P o t t e r  E lve jhem  h o m o g en ize r .  
The e x t r a c t s  were c e n t r i f u g e d  f o r  60 m in .  a t  3 0 ,000  r e v . /  
m in .  (30 r o t o r ,  Sp inco  model  1 c e n t r i f u g e ) .  The s u p e r ­
n a t a n t s  were d i a l y s e d  o v e r n i g h t  a t  4° a g a i n s t  10 volumes 
of  0.1M-KHC03 .
C e l l - f r e e  homogenate  of e t i o l a t e d  bean s e e d l i n g s , was 
p r e p a r e d  by  g r i n d i n g  t h e  t i s s u e  (10 g . )  w i t h  washed 
sand  i n  a m o r t a r  i n  0 .5  IVI-sucrose a t  4°* The sand 
and c e l l  d e b r i s  were removed by c e n t r i f u g a l i o n  a t  
a p p r o x i m a t e l y  500 x g .  and t h e  s u p e r n a t a n t  (10 m l . )  
was c o l l e c t e d .
Methods
C o p ro g e n -a se  a s s a y  by p r o t o p o r p h y r i n  i s o l a t i o n . A l l  
i n c u b a t i o n s  i n  p a r t  A of  t h e  r e s u l t s  were  p e r fo rm e d  und e r  
t h e  s t a n d a r d  a s s a y  c o n d i t i o n s  ( c f .  F i g .  2 2 ) ,  c o p r o ­
p o r p h y r in o g e n  b e in g  g e n e r a t e d  from ALA by i n c u b a t i o n  
w i t h  a h a e m o ly s a te  s u p e r n a t a n t  p r e p a r e d  a s  d e s c r i b e d  i n  
C h a p te r  I I .  At t h e  end of  i n c u b a t i o n s ,  t h e  p r o t o ­
p o r p h y r i n  was i s o l a t e d  and m ea su re d  by  t h e  m ethod of  
D r e s e l  & F a l k  (1956 a )  which  was m o d i f i e d  a s  d e s c r i b e d  
i n  C h a p te r  I I .
I n  some e x p e r i m e n t s ,  such  a s  t i s s u e - d i s t r i b u t i o n  
s t u d i e s ,  i t  was c o n v e n i e n t  t o  s c r e e n  f o r  p r o t o p o r p h y r i n
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formation chromatographically. In such cases the
porphyrins formed, together with other pigments, were 
extracted into ethyl acetate solution as described by 
Dresel & Falk (1956 a) and the porphyrins present were 
then chromatographed by the 2:6-lutidine method (Falk 
et al. 1956 ). When chlorophyll’-containing coprogen- 
ase extracts from plant sources were tested, the chloro­
phylls overlapped and obscured the protoporphyrin spot 
on 2:6-lutidine chromatograms. The chlorophyll was 
therefore removed from the origin in a first dimension 
with 1.5$ n-propanol in petroleum ether (cf. Lind, Lane 
& Gleason, 1953) before chromatographing the porphyrins 
in the second dimension by the 2:6-lutidine method 
(Fig. 21).
The assay of coprogen-ase activity by the "simultaneous 
equation1 method. The incubations reported in part B 
of the results section were performed, unless otherwise 
specified, under the standard conditions described in 
Fig. 25, chemically prepared porphyrinogens being added 
as substrates. At the end of incubations, porphyrinogens 
were oxidized to porphyrins with I2 and the excess was 
quickly removed with cysteine. Concentrated HC1 (0.6 ml) 
was then added and the protein was centrifuged down and 
extracted free of soluble porphyrins with 5$ HC1.
2 n d .
f r o n t
ori gi n
I s t . FRONT
P i g .  21.  C h ro m ato g rap h ic  s e p a r a t i o n  o f  p o r p h y r i n s ,  
haem .and  c h l o r o p h y l l .  These compounds were e x t r a c t e d  
i n t o  e t h y l  a c e t a t e  from a  m i x t u r e  of o a t - l e a f  c h l o r o p l a s t s , 
h a e m o ly s a t e  s u p e r n a t a n t ,  c o p r o -  and p r o t o -  p o r p h y r i n s .
The m ix t u r e  was t h e n  ch ro m a to g ra p h ed  as  d e s c r i b e d .  The 
p a p e r  was c u t  (b ro k en  l i n e )  t o  remove c h l o r o p h y l l  b e f o r e  
c h ro m a to g ra p h y  i n  t h e  2nd d im e n s io n .
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Copro- and proto- porphyrins present together in the 
combined supernatants were then determined by solving 
the following simultaneous equations, where the constants 
represent the of copro- and proto- porphyrins in 5$
HC1 at both 401,5 mu and 407 mu*
408 [coproporphyrin] + 191 [protoporphyrin]
235 [coproporphyrin] + 275 [protoporphyrin]
By this method the porphyrinogens and the porphyrins formed 
from them during incubation are estimated together as 
the corresponding porphyrin. This assay, therefore, 
can only measure coprogen-ase activity but not that of 
protogen-oxidase.
In studies of the porphyrinogen-specificity of the 
beef liver extract, additional confirmation of oxidative 
decarboxylation was obtained by paper chromatography.
The porphyrins present in the 5$ HC1 extract were 
extracted into ether at pH4 and washed extensively with 
0.2$ HC1* The ether solution was then concentrated 
by boiling under reduced pressure and the porphyrins 
remaining were chromatographed by the 2:6-lutidine 
method (Balk, et al, 1956),
,401.5 
J1 cm
,408
J1 cm
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The detection of reduced forms of protoporphyrin.
Beef liver extract (2.0 ml.) was incubated with 30 jj-m 
moles of coproporphyrinogen for 20 min. as described 
in Pig. 25. At the end of incubation the iodine treat­
ment (above) was omitted but concentrated HC1 (0.6 ml.) 
was quickly added and rapidly followed by 16 ml. of 5$
HC1. This mixture was quickly transferred to a Spinco 
(30 rotor) centrifuge tube, gassed with oxygen from 
N^, and sealed. The protein precipitate was centrifuged 
down at 10,000 rev./min. for 10 min. and the supernatant 
then drawn into an evacuated Thunberg cuvette through 
a Nn-filled line. The extinctions were read at 401.5 mu 
and 407 mp and the Thunberg cuvette was then opened and 
the acid solution exposed to air and sunlight. The 
changes in extinction at 401.5 mp and 407 mp were followed 
as the photochemical oxidation of the porphyrinogens 
proceded, and the porphyrins present at different time 
intervals were calculated using the simultaneous equations 
already described. A method similar to this has been 
employed to detect uroporphyrinogen (Hoare & Heath,
1958 a).
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R e s u l t s  
P a r t  A
S t u d i e s  o f  c o p r o g e n - a s e  u s i n g  c o p r o p o r p h y r in o g e n  
e n z y m i c a l l y  g e n e r a t e d  from ALA
C h a r a c t e r s  o f  t h e  a s s a y  s y s t em.
I n  o r d e r  t o  c o n s e r v e  c o p r o p o r p h y r i n ,  p r e l i m i n a r y  
s t u d i e s  were p e r fo rm e d  w i t h  c o p r o p o r p h y r in o g e n  g e n e r a t e d  
e n z y m i c a l l y  from ALA by a h a e m o ly s a te  s u p e r n a t a n t .
Optimum c o n d i t i o n s  f o r  c o p r o g e n - a s e  a s s a y  were d e v e lo p ed  
u s i n g  t h e  b e e f  l i v e r  e x t r a c t  f rom  a c e t o n e - d r i e d  powder.  
Under t h e  c o n d i t i o n s  u sed  ( c f .  P i g .  2 2 ) ,  p r o t o p o r p h y r i n  
f o r m a t i o n  i n c r e a s e s  l i n e a r l y  w i t h  t im e  f o r  6 h r .  and 
w i t h  enzyme c o n c e n t r a t i o n  up t o  6 . 0  m l .
That t h e  p r o t o p o r p h y r i n  f r a c t i o n  o b t a i n e d  und e r  
t h e s e  c o n d i t i o n s  c o n t a i n e d  o n ly  p r o t o p o r p h y r i n  was 
d e m o n s t r a t e d  by  t h e  c h r o m a to g r a p h ic  i n v e s t i g a t i o n  of 
t h e  f r e e  p o r p h y r i n  u s i n g  t h e  2 : 6 - l u t i d i n e  method (F a lk  
e t  a l .  1956)  and ,  a f t e r  e s t e r i f i c a t i o n  w i t h  H C l-m e th an o l ,  
by  t h e  use  o f  t h e  k e r o s e n e - p r o p a n o l  method (Chu, Green 
& Chu, 1951) and t h e  k e r o s e n e - t e t r a h y d r o p y r a n e -  m e th y l
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ENZYME (ml.) TIME ( h i . )
F i g .  22.  B ee f  l i v e r  e x t r a c t  was i n c u b a t e d  a t  37° w i th  
h a e m o ly s a t e  s u p e r n a t a n t  ( 1 0 .0  m l . ) ,  ALA (7 .5  p  m o le s ) ,  
MgCl9 (25 p  m o le s )  and p o t a s s i u m  p h o sp h a te  (200 j x  m o le s )  
a t  pH 7 . 4 ;  f i n a l  volume 1S.0 m l .  P r o t o p o r p h y r i n  was 
e x t r a c t e d  and i s o l a t e d  f rom  o t h e r  p o r p h y r i n s  p r e s e n t  and 
d e te r m in e d  a s  d e s c r i b e d  (M e th o d s) .  A, i n c u b a t e d  f o r  
2 h r . ;  B, i n c u b a t e d  3 m l .  o f  e x t r a c t .  B roken  l i n e  
i n d i c a t e s  s t a n d a r d  a s s a y  c o n d i t i o n s .
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b e n z o a t e  method (Chu & Chu, 1 9 5 4 ) .
The pH optimum f o r  c o p r o g e n - a s e  a c t i v i t y  was 
found  t o  be 7 . 2  ( F i g .  2 3 ) .  Under u n f a v o u r a b l e  
c o n d i t i o n s  of  pH, t h e  g e n e r a t i o n  o f  c o p ro p o r p h y r in o g e n  
from ALA might  be so a d v e r s e l y  a f f e c t e d  t h a t  c o p ro g e n -  
a s e  m ig h t  be a s s a y e d  u n d e r  c o n d i t i o n s  o f  l i m i t i n g  
s u b s t r a t e .  For  t h i s  r e a s o n  t h e  pH s t u d y  was r e p e a t e d  
w i t h  t h e  h a e m o ly s a te  s u p e r n a t a n t  p r e i n c u b a t e d  u n d e r  
o x y g e n - f r e e  w i t h  ALA f o r  1 h r .  b e f o r e  a d d in g  t h e  
b e e f  l i v e r  e x t r a c t  and i n c u b a t i n g  a e r o b i c a l l y .  The 
pH optimum was u n a l t e r e d  u n d e r  t h e s e  c o n d i t i o n s .  An 
optimum o f  pH 7 .7  has  been  r e p o r t e d  f o r  a s i m i l a r  
c o p r o g e n - a s e  e x t r a c t  by Sano & U ran ick  (1 9 6 1 ) .  
P u r i f i c a t i o n  of  c o p ro g e n - a s e  from b e ef  l i v e r  ex t r a c t s .
Of a l l  t h e  p r o t e i n  f r a c t i o n a t i o n  t e c h n i q u e s  
employed,  o n ly  t h e  ammonium s u l p h a t e  p r e c i p i t a t i o n  
method gave a p p r e c i a b l e  p u r i f i c a t i o n .  However, t h e  
p u r i f i c a t i o n  o b t a i n e d  was o n ly  t w o - f o l d ,  t h e  a c t i v i t y  
a p p e a r i n g  i n  t h e  p r e c i p i t a t e  a t  0 -3 0 ^  s a t u r a t i o n  of 
ammonium s u l p h a t e  and t h e  y i e l d  was o n ly  30$, More 
r e c e n t l y  Sano & G-ranick (1 9 6 1 ) ,  u s i n g  a s o l u b l e  e x t r a c t  
o f  b e e f  l i v e r  m i t o c h o n d r i a ,  have p u r i f i e d  t h e  enzyme 
i n  t h e  s o l u b l e  e x t r a c t  s e v e n - f o l d  b y  ammonium s u l p h a t e
1 0 3 .
F i g .  23. The e f f e c t  of pH on enzymic p r o t o p o r p h y r i n  
f o r m a t i o n .  I n c u b a t e d  b e e f  l i v e r  e x t r a c t  under  s t a n d a r d  
a s s a y  c o n d i t i o n s  ( c f .  F i g .  2 2 ) .
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p r e c i p i t a t i o n  f o l l o w e d  by t h e  rem ova l  o f  f a r t h e r  
p r o t e i n  i m p a r i t i e s  on c a l c i a m  p h o sp h a te  g e l .  No 
s t i m u l a t i o n  of  c o p ro g e n - a s e  a c t i v i t y  was o b se rv e d  
when t h e  v a r i o u s  ammonium s u l p h a t e  f r a c t i o n s  were 
r e c o m b in e d .
P r o t e i n  p r e c i p i t a t i o n  a t  pH 5 . 0 ,  f r a c t i o n a l  
p r e c i p i t a t i o n  w i t h  a c e t o n e  a t  - 1 0 ° ,  f r a c t i o n a l  d e n a t u r a -  
t i o n  by  h e a t i n g  t o  55° f o r  7 m in .  and column c h ro m a to ­
g ra p h y  on T E A E -ce l lu lo se  were u se d  w i th o u t  s u c c e s s .
I t  was fo u n d  t h a t  o f  t h e  91 .5  mg. o f  p r o t e i n  
a p p l i e d  t o  t h e  TEAE c e l l u l o s e  column, o n ly  40 mg. 
was removed even a f t e r  e l u t i o n  w i t h  M -po ta ss iu m  
p h o s p h a te  b u f f e r  a t  pH 6 . 5 .  A c o n s i d e r a b l e  amount 
of  p r o t e i n ,  i n c l u d i n g  t h e  enzyme, rem a in e d  bound t o  
t h e  column. T h is  c o u ld  mean t h a t  t h e  enzyme i s  n o t  
i n  t r u e  s o l u t i o n ,  b u t  bound t o  v e r y  s m a l l  m i t o c h o n d r i a l  
f r a g m e n t s .  A u s e f u l ,  b u t  n o t  com ple te  c r i t e r i o n  of 
t h e  s o l u b i l i t y  of an  enzyme i s  i t s  s o l u b i l i t y  a f t e r  
p r e c i p i t a t i o n  by ammonium s u l p h a t e .  The r e s u l t s  i n  
T ab le  5 show t h a t  much o f  t h e  a c t i v i t y  i s  r e c o v e r e d  
i n  s o l u t i o n  a f t e r  p r e c i p i t a t i o n  by  ammonium s u l p h a t e .
The d i s t r i b u t i o n  of co p ro g e n - a s e .
S in c e  t h e  c o n v e r s i o n  of c o p ro p o r p h y r in o g e n  t o  
p r o t o p o r p h y r i n  a p p e a r s  t o  be t h e  l a s t  common enzyrnic
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T able  5
S o l u b i l i t y  of  t h e  c o p r o g e n - a s e  a c t i v i t y  of  b e e f  
l i v e r  e x t r a c t .
A 0 -5 0 $  (NH^^SO^ p r e c i p i t a t e  from 20 m l ,  of 
e x t r a c t  was r e d i s p e r s e d  i n  20 ml,  of  0,05M p h o sp h a te  
b u f f e r  pH 7 . 2 .  T h is  s u s p e n s i o n  was t h e n  c e n t r i f u g e d  
a t  a p p r o x i m a t e l y  100 ,000  x g .  f o r  60 min. The 
s u p e r n a t a n t  was c o l l e c t e d  and d i a l y s e d .  The p e l l e t  
was r e s u s p e n d e d  i n  20 ml.  of  b u f f e r  and d i a l y s e d .  
Enzyme e x t r a c t ,  d i a l y s e d  s u p e r n a t a n t  and d i a l y s e d  
p e l l e t  s u s p e n s i o n  ( 3 . 0  m l . )  were a s s a y e d  u n d e r  th e  
s t a n d a r d  c o n d i t i o n s  ( c f .  E ig .  2 2 ) .
P r e p a r a t i o n P r o t o p o r p h y r i n  form ed
(ßm m o le s )
Beef l i v e r  e x t r a c t 40
D i a ly s e d  s u p e r n a t a n t 1 8 . 0
D i a ly s e d  p e l l e t  s u s p e n s i o n 7 .6
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s t e p  i n  c h l o r o p h y l l  and. haem b i o s y n t h e s i s ,  c o p ro g e n -  
a se  was so u g h t  i n  b o t h  p l a n t  and a n im a l  t i s s u e s .
A l th o u g h  t h e r e  a r e  b o t h  s o l u b l e  c y to p l a s m i c  
enzymes and m i t o c h o n d r i a l  enzymes a s s o c i a t e d  w i t h  
haem b i o s y n t h e s i s  i n  a n im a l  t i s s u e s ,  s t u d i e s  w i t h  
p l a n t  t i s s u e s  s u g g e s t  t h a t  m o s t ,  i f  n o t  a l l  o f  th e  
enzymes i n v o l v e d  i n  c h l o r o p h y l l  s y n t h e s i s  a r e  
p a r t i c u l a t e ,  b e in g  con ta ined ,  i n  t h e  p l a s t i d s  (G-ranick, 
1961 a ) .
S u s p e n s io n s  and Tween 20 e x t r a c t s  o f  m i t o c h o n d r i a  
and c h l o r o p l a s t s  f rom o a t -  and s p i n a c h -  l e a v e s  were 
i n c u b a t e d  w i t h  ALA and h a e m o ly s a te  s u p e r n a t a n t .  
C h ro m ato g rap h ic  i n v e s t i g a t i o n  o f  t h e  r e s u l t a n t  p o r p h y r i n s  
r e v e a l e d  o n ly  m in u te  t r a c e s  of p r o t o p o r p h y r i n .
A s i m i l a r  s e a r c h  f o r  c o p r o g e n - a s e  i n  a c e l l - f r e e  
homogenate  of e t i o l a t e d  b e a n  s e e d l i n g s  ( s e e  Methods)  
a g a i n  gave e q u i v o c a l  r e s u l t s  (T ab le  6 ) .  E x a m in a t io n  
of  t h e  a c i d i c  " p r o t o p o r p h y r i n ” f r a c t i o n  from  f l a s k s  
1 and 2 by 2 : 6 - l u t i d i n e  c h ro m a to g ra p h y  r e v e a l e d  th e  
p r e s e n c e  of  b o t h  m o n o c a rb o x y l i c  p o r p h y r i n s ,  p r o b a b l y  
d e r i v e d  b y  HC1 t r e a t m e n t  o f  m a g n e s iu m - v in y lp h a e o p o r p h y r in  
a^ and m a g n e s i u m - p r o t o p o r p h y r i n  monomethyl e s t e r ,  
and d i c a r b o x y l i c  p o r p h y r i n s ,  p r o b a b l y  p r o t o p o r p h y r i n
Table  6
1 0 7 .
P o r p h y r i n s  formed by  a c e l l - f r ee homo g e n a te  of 
e t i o l a t e d  b ean  s e e d l i n g s
C e l l - f r e e  homogenate  ( 5 . 0  m l . )  ( see  Methods)  
was i n c u b a t e d  a s  d e s c r i b e d  ( c f .  P i g .  2 2 ) .  C opro -  
and p r o t o -  p o r p h y r i n s  were e x t r a c t e d ,  i s o l a t e d  and 
s e p a r a t e l y  d e te r m in e d  a s  d e s c r i b e d  (M ethods) .
F l a s k
No.
C o n d i t i o n s
P o r p h y r i n s  formed 
(urn m o le s )
Copro- * " P r o t o " —
1 Complete  sys tem 1 4 .2 6 2 .6
2 Complete sy s tem  minus ALA 4 .4 33.8.
3 Complete  sys tem  minus
s e e d l i n g  p r e p a r a t i o n — 4 .6
* " P r o t o - ” a p p e a r s  i n  p a r e n t h e s e s  s i n c e  t h i s  f r a c t i o n  
c o n t a i n e d  s e v e r a l  p o r p h y r i n s .
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o c c u r r i n g  e i t h e r  f r e e  i n  t h e  t i s s u e  o r  a r i s i n g  from 
m a g n e s i u m - p r o t o p o r p h y r i n  by  a c i d  t r e a t m e n t .  These 
m a g n e s iu m -p o rp h y r in s  have b e en  d e t e c t e d  i n  e t i o l a t e d  
t i s s u e s  by W olff  & P r i c e  (1957) and G ra n ic k  (1961, 
1961 a ) .
S u s p e n s io n s  o f  b e e f  l i v e r  m i t o c h o n d r i a ,  Tween 
20 e x t r a c t s  and e x t r a c t s  of a c e t o n e - d r i e d  powders  
o f  them were a l l  f o u n d  t o  be r i c h  i n  c o p r o g e n - a s e  
a c t i v i t y .  S in c e  t h e  a c e t o n e - d r i e d  powder i s  s t a b l e  
f o r  many months  a t  4° i n  a d e s s i c a t o r  i t  was t h e  most 
s a t i s f a c t o r y  s o u r c e  o f  t h e  enzyme.
1 0 9 .
P a r t  B
S t u d i e s  o f  b e e f  l i v e r  c o p r o g e n - a s e  u s in g  c h e m i c a l l y  
p r e p a r e d  c o p ro p o r p h y r in o g e n
An a s s a y  f o r  c o p r o g e n - a s e  a c t i v i t y .
G ra n ic k  & Ivlauzerall  (1958 b)  and Sano & G ra n ic k  
(1961) have d e m o n s t r a t e d  t h a t  c o p ro p o r p h y r in o g e n ,  
p r e p a r e d  by  t h e  r e d u c t i o n  of  c o p r o p o r p h y r i n  w i t h  
sodium amalgam can  be c o n v e r t e d  e n z y m i c a l l y  t o  
p r o t o p o r p h y r i n .  These w o r k e r s ,  however,  u se d  a 
l o n g  a s s a y ,  i n  which t h e  p r o t o p o r p h y r i n  formed was 
f i r s t  i s o l a t e d  and t h e n  d e t e r m i n e d .
So t h a t  c o p r o g e n - a s e  a c t i v i t y  m ight  be m easu red  
r a p i d l y  and w i t h o u t  t h e  need  t o  f i r s t  i s o l a t e  th e  
p r o t o p o r p h y r i n  fo rm ed ,  t h e  " s i m u l t a n e o u s  e q u a t io n "  
a s s a y  was d e v e lo p e d  and i s  d e s c r i b e d  i n  d e t a i l  f o r  
t h e  f i r s t  t im e  (M e th o d s ) .  This  a s s a y  p e r m i t s  t h e  
a c c u r a t e  d e t e r m i n a t i o n  o f  p r o t o p o r p h y r i n  i n  t h e  
p r e s e n c e  of c o p r o p o r p h y r i n  i n  a 5$ HC1 e x t r a c t .
As shown i n  P i g .  24, t h e  s p e c t ru m  of  a mixed s o l u t i o n  
of  t h e  two p o r p h y r i n s  i s  e q u a l  t o  t h e  sum of  t h e  
s p e c t r a  of t h e  i n d i v i d u a l  p o r p h y r i n s .
1 10 .
Fig. 24. The additive nature of copro- and proto­
porphyrin spectra in 5$ HC1. 1, coproporphyrin (3.1 P-nl 
moles/3 ml.); 2, protoporphyrin (4.4 pm moles/3 ml.);
3, 1 + 2 ;  4, spectrum of a mixture of copro- (3.1 P-m
moles) and proto (4.4 pm moles) in 3 ml.
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Com parisons  of  t h e  amounts of  c o p r o -  and p r o t o ­
p o r p h y r i n s  e x t r a c t e d  and e s t i m a t e d  by t h e  e t h y l  a c e t a t e -  
a c e t i c  a c i d  e x t r a c t i o n  method and t h e  p r e s e n t  a s s a y  
method (T ab le  7) show t h a t  c o n s i s t e n t l y  h i g h e r  
r e c o v e r i e s  were o b t a i n e d  when t h e  new method was u s e d .  
T h is  i s  no doubt  due t o  l o s s e s  i n c u r r e d  d u r i n g  t h e  many 
m a n i p u l a t i o n s  o f  t h e  e t h y l  a c e t a t e - a c e t i c  a c i d  m ethod .  
C h a r a c t e r i s t i c s  of t h e  c o p r o g e n - a s e  r e a c t i o n .
Under t h e  a s s a y  c o n d i t i o n s  d e s c r i b e d ,  p r o t o p o r p h y r i n  
f o r m a t i o n  i n c r e a s e d  l i n e a r l y  w i t h  t im e  up t o  1 h r .  and 
w i t h  enzyme c o n c e n t r a t i o n  up t o  0 . 8  ml ( F i g .  2 5 ) .
P r o t o p o r p h y r i n  f o r m a t i o n  was c o m p l e t e l y  i n h i b i t e d  
by  b o i l i n g  t h e  enzyme e x t r a c t  (T ab le  13) ,  bu t  was n o t  
a f f e c t e d  by  d i a l y s i s  ( F i g .  2 6 ) .  The l a g  phase  s e e n  
i n  b o t h  d i a l y s e d  and u n d i a l y s e d  e x t r a c t s  i s  n o t  con­
s i s t e n t  w i t h  t h e  r e s u l t s  shown i n  F i g .  2 5 j i t  h a s  
n o t  been  c o n f i rm ed  o r  i n v e s t i g a t e d  f u r t h e r .
The e f f e c t  o f  c o p ro p o r p h y r in o g e n  c o n c e n t r a t i o n  
on t h e  r a t e  of  p r o t o p o r p h y r i n  s y n t h e s i s  i s  shown i n  
T ab le  8 ;  p r o t o p o r p h y r i n  f o r m a t i o n  does n o t  i n c r e a s e  
l i n e a r l y  w i th  s u b s t r a t e  c o n e e n t r a t i o n s  above 15 jjul 
m o l e s / 3 . 9  m l .  The amount of  p r o t o p o r p h y r i n  formed 
when t h i s  low s u b s t r a t e  c o n c e n t r a t i o n  i s  employed can
1 1 2 .
Table  7
Comparison  of a s s a y  methods
The i n c u b a t i o n  m ix t u r e  ( 8 . 0  m l . )  d e s c r i b e d  
i n  F i g .  28, was i n c u b a t e d  f o r  30 m in .  Two a l i q u o t s  
( 4 . 0  m l . )  were a s s a y e d  f o r  p r o t o -  and c o p r o -  p o r p h y r i n  
a s  shown.
P o r p h y r i n s  r e c o v e r e d  
(urn m o le s )
Assay  p ro c e d u re
Copro- P r o t o -
S im u l ta n e o u s  d e t e r m i n a t i o n  
Method
4 .0 2 ,  3 .6 6 . 3 ,  6 .7
E x t r a c t i o n  and I s o l a t i o n  
Method 2 .0 3 ,  2 .5 3 . 9 ,  4 .2
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ENZYME 0»l.) TIME
? i g .  25.  Beef  l i v e r  e x t r a c t  was i n c u b a t e d  a t  37° i n  the  
d a rk  w i t h  c o p r o p o r p h y r i n o g e n  (15 jtim m o l e s ) ,  G-SH (50 a m o le s )  
and p o t a s s i u m  p h o sp h a te  (100 u  m o le s )  a t  pH 7 . 4 ;  f i n a l  
volume 3 .S  ml.  C o p r o p o r p h y r in  and p r o t o p o r p h y r i n  were a s s a y e d  
simu-L o a n e o u s ly  (M ethods ; .  A, 30 m in * . i n c u l p a t i o n s ' ; '
B, b e e f ? l i v e r  e x t r a c t  ( 0 . 4  m l . ) .
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C£ E
TIME (min.)
Fig. 26. The effect of dialysis on coprogen-ase 
activity. Protoporphyrin formation was measured under 
the conditions described (Pig. 25). Extract stored 
overnight at 4°, A  ; extract dialysed overnight 
at 4°, Q
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Table  8
The e f f e c t  of s u b s t r a t e  c o n c e n t r a t i o n  on  p r o t o p o r p h y r i n
s y n t h e s i s
C o p ro p o rp h y r in o g e n  was i n c u b a t e d  w i t h  t h e  enzyme 
e x t r a c t  a s  d e s c r i b e d  ( F i g ,  25) and t h e  p r o t o p o r p h y r i n  
a s s a y e d  by t h e  e x t r a c t i o n  and i s o l a t i o n  m ethod .
I
S u b s t r a t e  C o n c e n t r a t i o n P r o t o p o r p h y r i n  formed
(urn m o le s ) (urn m o le s )
1 4 .4 1 .5 2
7 2 .0 2 .6
144.0 4 .5
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be d e te r m in e d  a c c u r a t e l y ;  i n d e e d  a t  h i g h e r  c o n c e n t r a ­
t i o n s ,  t h e  a c c u r a c y  of  t h e  method d e c l i n e s  s i n c e  t h e  
p r o t o p o r p h y r i n  formed i s  a v e r y  sm a l l  p r o p o r t i o n  of  
t h e  t o t a l  p o r p h y r i n  p r e s e n t .  I n  t h e s e  s t u d i e s  o f  
s u b s t r a t e - c o n c e n t r a t i o n  e f f e c t s  t h e  p r o t o p o r p h y r i n  
was, t h e r e f o r e ,  d e te r m in e d  a f t e r  i s o l a t i o n  from t h e  
o t h e r  p o r p h y r i n s  by  t h e  e t h y l  a c e t a t e - a c e t i c  a c i d  
e x t r a c t i o n  m ethod .
A c c u ra te  k i n e t i c  s t u d i e s  o f  c o p ro g e n - a s e  
a c t i v i t y  a r e  made d i f f i c u l t  b e c a u s e  of  t h e  c o n t i n u a l  
a u t o x i d a t i o n  o f  t h e  s u b s t r a t e  u n d e r  t h e  a e r o b i c  con­
d i t i o n s  r e q u i r e d  by  t h i s  enzyme. As shown i n  T a b le s  
9 and 10, G-SH does n o t  s i g n i f i c a n t l y  r e d u c e  t h e  
a u t o x i d a t i o n  o f  c o p ro p o r p h y r in o g e n  n o r  i n c r e a s e  th e  
r a t e  of  p r o t o p o r p h y r i n  f o r m a t i o n .
I n  view of  t h e  r e g u l a t i o n  o f  p o r p h y r i n  and haem 
b i o s y n t h e s i s  by  oxygen t e n s i o n  ( C h a p te r  I I ) ,  t h e  
e f f e c t  o f  oxygen t e n s i o n  on t h e  c o n v e r s i o n  o f  c o p ro ­
p o r p h y r in o g e n  t o  p r o t o p o r p h y r i n  was examined ( P i g .  2 7 ) .  
These r e s u l t s  show t h a t  t h e  r e a c t i o n  i s  i n h i b i t e d  by 
a n a e r o b i o s i s , w i t h  maximum a c t i v i t y  a t  a b o u t  20$.
The i n h i b i t i o n  o b s e r v e d  a t  oxygen c o n c e n t r a t i o n s  
g r e a t e r  t h a n  20$ may be  due t o  t h e  a u t o x i d a t i o n  of 
c o p ro p o r p h y r in o g e n  I I I ,  and p e rh a p s  t o  t h e  i n h i b i t i o n
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Table  9
The e f f e c t  o f  G-SH c o n c e n t r a t i o n  on th e  a u t o x i d a t i o n  
o f  c o p ro p o r p h y r i n o g e n
C o p ro p o rp h v r in o g e n  (15 Mm m oles)  was i n c u b a t e d  
i n  t h e  a b s e n c e  of  t h e  enzyme e x t r a c t  u n d e r  c o n d i t i o n s  
o t h e r w i s e  i d e n t i c a l  t o  F i g .  2 5. An e q u a l  volume of  
10°!o HC1 was added  a t  t h e  end of  i n c u b a t i o n  and the  
c o p r o p o r p h y r i n  p r e s e n t  was im m e d ia te ly  d e te r m in e d  by 
i t s  e x t i n c t i o n  a t  401 ,5  mM.
G l u t a t h i o n e  added C o p ro p o rp h y r in  formed
(jit m o le s ) (jum m o le s )
0 1 .36
12.5 1 • 36
2 5 .0 1 .28
5 0 .0 1.27
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T able  10
The e f f e c t  of  g l u t a t h i o n e  c o n c e n t r a t i o n  on p r o t o ­
p o r p h y r i n  f o r m a t i o n
The enzyme e x t r a c t  was i n c u b a t e d  w i t h  g l u t a t h i o n e  
as  shown, u n d e r  the  c o n d i t i o n s  o f  P i g .  25.
G l u t a t h i o n e  added P r o t o p o r p h y r i n  form ed
(,u m o le s ) (jLtm m o le s )
0 3 .9 5
2 5 .0 4 .29
5 0 .0 4 .7 3
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Fig. 27. The effect of pC^ upon coprogen-ase activity.
The extract was incubated as described in Fig. 25 in flasks 
stoppered with bunsen valves under the atmospheres of C>2 
and shown.- These atmospheres were supplied by the 
constant flow apparatus of Bailey (1954).
"v
/
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of  t h e  enzyme by h i g h  oxygen t e n s i o n .  I t  i s  u n l i k e l y  
t o  he due t o  o x i d a t i o n  of  s u l p h y d r y l  g roups  of  c o p ro g e n -  
a se  s i n c e  t h i s  enzyme i s  no t  i n h i b i t e d  by  s u l p h y d r y l  
r e a g e n t s  (G-ranick & M a u z e r a l l ,  1958 b ) .
The f a c t  t h a t  c o p ro g e n - a s e  i s  i n h i b i t e d  by 
a n a e r o b i o s i s  (T ab le  13, P i g .  27) and t h a t  t h e  c o p ro ­
p o r p h y r i n o g e n  i s  r e c o v e r e d  unchanged a f t e r  a n a e r o b i c  
i n c u b a t i o n s  (T ab le  13) s u g g e s t s  t h a t  oxygen f u n c t i o n s  
a s  a t e r m i n a l  e l e c t r o n  a c c e p t o r  i n  t h i s  o x i d a t i v e  
r e a c t i o n .  I t  seemed p o s s i b l e  t h a t  t h e  r e p l a c e m e n t  
o f  oxygen by  o t h e r  e l e c t r o n  a c c e p t o r s  m igh t  p e rm i t  
a s t u d y  of  c o p r o g e n - a s e  u n d e r  a n a e r o b i c  c o n d i t i o n s .
C o p ro p o rp h y r in o g e n  was found  t o  be r e a s o n a b l y  
s t a b l e  i n  th e  p r e s e n c e  o f  FAD, m e th y len e  b l u e ,  
p h e n a z in e  m e t h o s u l p h a t e , i n d o p h e n o l - 2 : 6 - d i c h l o r o i n d o -  
p h e n o l  and f e r r i - c y t o c h r o m e  c (Tab le  11) .  I f  a 
s t u d y  of  c o p r o g e n - a s e  u n d e r  a n a e r o b i c  c o n d i t i o n s  w i t h  
one of  t h e s e  e l e c t r o n  a c c e p t o r s  were p o s s i b l e  i t  m ight  
form t h e  b a s i s  of a r a p i d  and c o n t i n u o u s  form of a s s a y  
by  f o l l o w i n g  t h e  r e d u c t i o n  o f  t h e  added e l e c t r o n  
a c c e p t o r .  Under such  c o n d i t i o n s  t h e  amount o f  s u b s t r a t e  
o x i d i z e d  t o  c o p r o p o r p h y r i n  d u r i n g  i n c u b a t i o n  might  be 
r e d u c e d  and m ig h t  a l s o  l e a d  t o  t h e  i d e n t i f i c a t i o n  of  
i n t e r m e d i a t e s  e s p e c i a l l y  i f  t h e y  be u n s t a b l e  p o r p h y r i n ­
ogens  r e a d i l y  o x i d i z e d  i n  a i r
T able  11
1 2 1 «
The a d d i t i o n  o f  e l e c t r o n  a c c e p t o r s  
t o  c o p r o p o r p h y r in o g e n
The e l e c t r o n  a c c e p t o r s  were i n c u b a t e d  a t  pH7.4 f o r  
20 m in .  a t  20° w i t h  c o p ro p o r p h y r in o g e n  (10 urn m o le s )  i n  
e v a c u a t e d  Thunberg  c u v e t t e s  ( tw ic e  f l u s h e d  w i t h  O ^ - f r e e  
Ng)« In  1, 3, 4 and 6 c o p r o p o r p h y r i n  f o r m a t i o n  was 
f o l l o w e d  a t  397 mu a g a i n s t  c o n t r o l s  c o n t a i n i n g  no e l e c t r o n  
a c c e p t o r s  ( € ^  a t  pH7.4 = 171) .  In  5, cy tochrom e £  r e d u c t i o n  
was m easu red  a t  550 mu a g a i n s t  a c o n t r o l  c o n t a i n i n g  no 
c o p r o p o r p h y r in o g e n  ( € ^  ( r e d . - o x i d . )  = 1 9 .Ö ) .  No 
r e d u c t i o n  o f  m e th y le n e  b l u e  was o b se rv e d  i n  2 .  A d d i t i o n  
of  t o  1, 2, 3 and 4 c a u s e d  l a r g e  i n c r e a s e s  i n  p o r p h y r i n  
f l u o r e s c e n c e .
E xper im ent
No.
E l e c t r o n  
Accept  o r (pH 7) O x id ize d
(*)
1 F .A .D . -  0.1Ö0 0
2 M ethy lene
Blue + 0 .011 0
3 P h e n a z in e
m e th o s u l p h . + 0 .0 0 0 0
4 I n d o p h e n o l + 0 .217 0 .3 6
5 Cytochrome c 
( f e r r i c  fo rm ) + 0 .2 6 3 4 .5 6
6 P o t . f  e r r i -  
c y a n id e
+ 0 .4 9 44 .3
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Beef liver extract was incubated anaerobically 
with coproporphyrinogen in the presence of the follow­
ing electron acceptors: PAD, methylene blue, phenazine 
methosulphate, indophenol-2:6-dichloroindophenol and 
ferri-cytochrome c. The amount of acceptor added in
each case was in excess of that used by endogenous 
oxidation plus that required to convert all the copro­
porphyrinogen, not to protoporphyrinogen, but to 
protoporphyrin. Chromatographic investigation of the 
porphyrins present after incubation and oxidation by 
In revealed the presence of coproporphyrin only.
Therefore, it would seem that oxygen is essential for 
the oxidative decarboxylation of coproporphyrinogen.
This result has been confirmed by Sano & Granick (1961).
The identification of the enzymically formed proto­
porphyrin .
After the mixture of porphyrins, present after aerobic 
incubation and I,; treatment was extracted into ether, 
the coproporphyrin (HC1 No. 0.08) was readily extracted 
into 0.36$ HC1, but extraction of the remaining porphyrin 
required higher concentrations as would be expected for 
protoporphyrin (HC1 No. 2.5).
The porphyrin with the higher HC1 No. had a 
Soret peak at 408 njju in 5$ HC1, identical with that of
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p r o t o p o r p h y r i n ,  and i t s  i d e n t i t y  was con f i rm ed  by  
ch ro m a to g rap h y .  I t  was shown t o  be  d i c a r b o x y l i c ,  
u s i n g  t h e  2 : 6 - l u t i d i n e  method (F a lk  e t  a l .  1 9 5 6 ) ,  and 
a f t e r  e s t e r i f i c a t i o n  w i t h  H Cl-m ethanol  i t  b ehaved  on 
chromatograms a s  p r o t o p o r p h y r i n  d im e th y l  e s t e r  i n  t h e  
k e r o s e n e - p r o p a n o l  method (Chu, G-reen & Chu, 1951) 
and t h e  k e r o s e n e - t e t r a h y d r o p y r a n e - m e t h y l  b e n z o a t e  
method (Chu & Chu, 1 9 5 4 ) .  That p o r p h y r in o g e n s  can 
be o x i d i z e d  t o  p r o t o p o r p h y r i n  by I 9 w i t h o u t  con­
c u r r e n t  d e g r a d a t i o n  of t h e  v i n y l  g ro u p s  i s  c o n t r a r y  
t o  t h e  f i n d i n g s  of  Sano & G ran ick  ( 1 9 6 1 ) .  As 
d e s c r i b e d  (Methods) 1^ . was added a t  t h e  end of 
i n c u b a t i o n  a t  pH 7 . 4  and t h e n  e x c e s s  q u i c k l y  
removed by t h e  a d d i t i o n  of c y s t e i n e .  I t  i s  p o s s i b l e  
t h a t  t h e s e  d i f f e r e n c e s  may be due to  t h e  a d d i t i o n  of 
i o d i n e  t o  t h e  e t h y l  a c e t a t e - a c e t i c  a c i d  e x t r a c t  
( c f . Sano & G ran ick ,  1961) th o u g h  t h e  e x a c t  i o d i n e  
t r e a t m e n t  u sed  by t h e s e  a u t h o r s  i s  n o t  s p e c i f i e d .
The f o r m a t i o n  o f  a r e duced  p r o t o p o r p h y r i n  i n t e r m e d i a t e .
The p r e s e n c e  of a r e d u c e d  form o f  p r o t o ­
p o r p h y r i n ,  formed e n z y m ic a l l y  from c o p r o p o r p h y r in o g e n  
by t h e  b e e f  l i v e r  e x t r a c t ,  was d e t e c t e d  ( F i g .  28) u s i n g  
t h e  p ro c e d u re  d e s c r i b e d  (M ethods) .  T h is  p r o c e d u r e
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TIME AFTER THE COMPLETION OF INCUBATION (min.)
Pig. 28. The detection of a reduced form of protoporphyrin. 
The extract (2.0 ml.) was incubated with 29.9 pm moles of 
coproporphyrinogen under conditions otherwise identical to 
Pig. 25. The photochemical oxidation of coproporphyrinogen 
and reduced protoporphyrin intermediates, present at the 
end of incubation, was followed spectrophotometrically as 
described (Methods). 0, copro; 3, proto.
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is a modification of the "simultaneous equation" 
assay in which the iodine treatment is omitted and 
instead the porphyrinogens present are oxidized photo- 
chemically and the formation of porphyrins followed 
spectrophotometrically in the Soret region.
The proportion of reduced protoporphyrin in the 
recovered "proto" fraction was 40$, calculated by 
extrapolation to zero-time, or 26.5$* calculated on 
the figures obtained by the first spectrophotometric 
reading. By reducing the period that the porphyrin­
ogens were exposed to air with more rapid extraction 
procedures, the proportion of reduced protoporphyrin 
was increased from 26.5$ to 37.5$. During the 
photochemical oxidation the pink fluorescence in 
ultra-violet light increased greatly.
The porphyrinogen-specificity of beef liver coprogen-ase.
As shown in Tables 13 and 14 the extract does 
not utilize coproporphyrin I, coproporphyrinogen I, 
coproporphyrin III or uroporphyrinogen III. It also 
fails to utilize protoporphyrin when incubated aerobically 
in the presence or absence of Be ions. These latter 
results imply the absence of ferrochelatase activity 
in the beef liver extract. This is not necessarily
126 .
t h e  c a s e  s i n c e  i t  h a s  b e e n  shown t h a t  f e r r o c h e l a t a s e  
i s  i n h i b i t e d  c o m p l e t e l y  by  a e r o b i c  c o n d i t i o n s .
E x p e r im e n t s  u s i n g  c o p r o p o r p h y r in o g e n  I I ,  p r e p a r e d  
a s  d e s c r i b e d  (M e th o d s) ,  showed t h a t  t h i s  compound i s  
n o t  a s u b s t r a t e  o f  t h e  b e e f  l i v e r  e x t r a c t .  Coprogen-  
a s e ,  however ,  p o s s e s s e s  a w id e r  r a n g e  of s p e c i f i c i t y  
t h a n  p r e v i o u s l y  b e l i e v e d  ( c f .  M a u z e r a l l  & G-ranick,
1958 b ;  Sano & G r a n ic k ,  1 9 6 1 ) .  B e s id e s  c o p r o ­
p o r p h y r in o g e n  I I I ,  c o p r o p o r p h y r in o g e n  IV and d e u t e r o -  
p o r p h y r i n o g e n - 4 - p r o p i o n i c  a c i d  a r e  a l s o  t r a n s f o r m e d  
by  b e e f  l i v e r  e x t r a c t ,  The p r e s e n c e  of two and one 
v i n y l  g r o u p s ,  r e s p e c t i v e l y ,  on t h e  p o r p h y r i n s  formed 
was s u g g e s t e d  by  t h e  S o r e t  peak s  found  a t  408 mu and 
404 .5  mji i n  5$ HC1 a s  a g a i n s t  401 .5  mp. f o r  b o t h  t h e  
p a r e n t  p o r p h y r i n s ;  f u r t h e r m o r e  b o t h  p r o d u c t s  had h i g h e r  
HC1 numbers t h a n  t h e i r  p a r e n t  p o r p h y r i n s  and behav ed  
a s  d i c a r b o x y l i c  p o r p h y r i n s  on 2 : 6 - l u t i d i n e  chromatograms 
( F a lk  e t  a l .  1 9 5 6 ) .  The p r o d u c t s  were t h u s  p r o b a b l y  
p r o t o p o r p h y r i n  X I I I  and 4-monov i n y l d e u t e r o p o r p h y r i n  IX 
r e s p e c t i v e l y .
The e f f e c t  o f  v a r i o u s  i n h i b i t o r s  and c o f a c t o r s .
M a u z e r a l l  & G ra n ic k  (1958 b )  and Sano & G-ranick 
(1961) have shown t h a t  KCN, a r s e n i t e ,  d i n i t r o p h e n o l ,  
EDTA, h y d ro x y lam in e  and s e m i - c a r b a z i d e  do n o t  i n h i b i t
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c o p r o g e n - a s e . However, o - p h e n a n t h r o l i n e  and 
8 - h y d r o x y q u i n o l i n e - 5 - s u l p h o n a t e  i n h i b i t e d  a t  v e ry  
h ig h  (0 .0 1  M) c o n c e n t r a t i o n .  F u r th e rm o re  CoA and 
ATP d id  not  s t i m u l a t e .
I n  t h i s  s t u d y ,  o t h e r  i n h i b i t o r s  were u sed  t o  
d i s c o v e r  t h e  mechanism of th e  o x i d a t i v e  d e c a r b o x y l a t i o n .  
S ince  t h e  c o p ro g e n -a s e  r e a c t i o n  i s  n o t  i n h i b i t e d  by 
d i a l y s i s  ( F i g .  2 6 ) ,  i t  seemed more r e a s o n a b l e  t h a t  a 
c o - f a c t o r  r e q u i r e m e n t  might  be d e m o n s t r a t e d  by  i n h i b i t ­
i n g  t h e  r e a c t i o n  w i th  a n t i m e t a b o l i t e s ;  i f  t h e  enzyme 
i s  a l r e a d y  s a t u r a t e d  w i t h  n o n - d i a l y s a b l e  c o f a c t o r s  
f u r t h e r  a d d i t i o n  o f  c o - f a c t o r  w i l l  evoke no f u r t h e r  
s t i m u l a t i o n .
These s t u d i e s  (T ab le  12) ,  i n  c o n j u n c t i o n  w i t h  
t h o s e  of  G ran ick  e t  a l . ,  s u g g e s t  t h a t  CoA and  t h i a m in e  
p y ro p h o sp h a te  a r e  n o t  i n v o l v e d  i n  t h e  r e a c t i o n .  T h is  
s u g g e s t s  t h a t  t h e  o x i d a t i v e  d e c a r b o x y l a t i o n  does n o t  
i n v o l v e  an  U - o x o - a c i d  a s  i n t e r m e d i a t e  (G u n s a lu s ,  1 9 5 4 ) .  
S t u d i e s  w i th  c a rb o n y l  r e a g e n t s  (G ran ick  & M a u z e r a l l ,
1958 b)  a l s o  i n d i c a t e  t h a t  no c a r b o n y l  i n t e r m e d i a t e  
i s  fo rm ed .
D eoxypyr idoxine  HC1 d id  n o t  i n h i b i t  c o p ro g e n -  
a s e ;  i t  i s  u n l i k e l y ,  t h e r e f o r e ,  t h a t  t h e  r e a c t i o n
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Table 12
The effect of cofactors and inhibitors on coprogen-ase
activity
The extract was incubated with coproporphyrinogen 
as described (cf. Fig. 25) with the additions shown.
Experiment
No.
Additions Protoporphyrin 
formed 
(jurn moles)
Inhibition
(«
Nil. 4.60 0
Pyrithiamine (1 ß mole) 3.40 26
Oxythiamine (1 ß mole) 4.60 0
Deoxypyridoxine (1 ß mole) 4.5 2
Desthiobiotin (iß mole) 4.15 10
Nil. 6.4 0
Biotin (0.1 ß mole) 5.9 8
Avidin (0.5 mgm; 1 unit) 5.6 12
The results with the thiamine analogues are inconclusive 
since only one inhibits.
1 2 9 .
i n v o l v e s  p y r i d o x a l  p h o sp h a te  which i s  r e q u i r e d ,  i n  
many s im p le  n o n - o x i d a t i v e  d e c a r b o x y la s e  r e a c t i o n s  
( c f .  Dixon & Webb 1 9 5 8 ) .
The r o l e  of b i o t i n  i n  c a r b o x y l a t i o n  and 
d e c a r b o x y l a t i o n  r e a c t i o n s  has  been  s t u d i e d  by  
Lynen (1959) and d i s c u s s e d  i n  r e l a t i o n  t o  p o r p h y r i n  
s y n t h e s i s  by  N e u b erg e r  ( I 9 6 0 ) .  The r e s u l t s  o b t a i n e d  
w i t h  b i o t i n  and i t s  i n h i b i t o r ,  a v i d i n ,  i n d i c a t e  a l s o  
t h a t  b i o t i n  i s  n o t  i n v o lv e d  i n  t h e  a c t i v i t y  o f  c o p ro g e n -  
a s e .
1 P r o n i n ,  bound’7 p o r p h y r i n s  .
In  s h o r t  a e r o b i c  i n c u b a t i o n s  w i th  c o p r o p o r p h y r i n ­
ogen I I I  t h e  t o t a l  r e c o v e r y  of  p o r p h y r i n  was be tw een  
50$ and 70$ (T ab le  13;  D ig .  2 9 ) .  The l o s t  p o r p h y r i n  
was found  t o  be bound t o  t h e  p r o t e i n  p r e c i p i t a t e .  
S u r p r i s i n g l y ,  t h i s  " p r o t e i n - b o u n d ” p o r p h y r i n  d id  n o t  
f l u o r e s c e  i n  u l t r a - v i o l e t  l i g h t  when su sp en d ed  i n  
3 .6 $  HC1. When t h e  s u s p e n s io n  was a d j u s t e d  t o  pH 2 . 5 ,  
t h e  u s u a l  p in k  f l u o r e s c e n c e  was o b s e r v e d ,  b u t  was 
a b o l i s h e d  however ,  on r e a c i d i f y i n g  w i t h  HC1.
The l o s s  o f  p o r p h y r i n  o n to  t h e  p r o t e i n  o c c u r r e d  
w i t h  c o p ro p o r p h y r in o g e n  I I I  o n ly  (T a b le s  13 & 1 4 ) ,  
C o p ro p o rp h y r in  I I I ,  c o p r o p o r p h y r i n  I ,  c o p r o p o r p h y r i n ­
ogen I  and p r o t o p o r p h y r i n  ( a p p r o x i m a t e l y  10 pm  m oles
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T a b le 1 3
Recovery of  p o r p h y r in o g e n s
P o r p h y r in o g e n s ,  i n  t h e  amounts shown, were 
i n c u b a t e d  w i t h  b e e f  l i v e r  e x t r a c t  ( 2 .8  m l . )  and u n l e s s  
o th e r w i s e  s p e c i f i e d  were i n c u b a t e d  u n d e r  c o n d i t i o n s  
o th e r w i s e  i d e n t i c a l  t o  P i g .  25. A f t e r  o x i d a t i o n  w i t h  
i o d i n e  p o r p h y r i n s  were d e te r m in e d  i n  5$ HC1 u s i n g  the  
s im u l t a n e o u s  e q u a t i o n s  d e s c r i b e d .
S u b s t r a t e T o ta l  p o r p h y r in o g e n  
added (jum m o le s )
S p e c i a l
t r e a t m e n t
P e r c e n t a g e
Recovery
Coprogen I I I 12.6 46 .8
12 .8 - 6 9 .5
12.6 A n a e ro b ic 99 .2
12.6 B o i l e d
Enzyme 101.5
12.6 Z e r o - t im e 99 .2
Coprogen I 12.9 - 9 4 .5
P r o to g e n  IX 23 .2 — 9 6 .0
34 .5 — 9 3 .6
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Table  14
Recovery  of  p o r p h y r i n s
P o r p h y r i n s ,  i n  t h e  amounts shown, were i n c u b a t e d  
w i t h  b e e f  l i v e r  e x t r a c t  ( 2 .8  m l . )  and d e te r m in e d  as  
d e s c r i b e d  i n  T ab le  13*
S u b s t r a t e T o ta l  p o r p h y r i n  
added 
(imn m o le s )
S p e c i a l
T re a tm e n ts
P e r c e n t a g e
Recovery
Copro I I I 1 2 .3 . 110.4
Copro I 12 .3 - 97 .5
P r o t o  IX 7 . 4 - 97 .3
7 . 4 I n c u b a t e d 1 0 5 .5
w i th  Fe++
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each) were recovered completely after 30 min. incubations 
with enzyme extract.
When coproporphyrinogen III was added to the 
enzyme extract there was no loss of porphyrin onto 
the protein at zero-time or after 30 min. incubation 
in anaerobic conditions, or after 30 min. aerobic 
incubation with boiled enzyme extract (Table 13).
This suggests that an aerobic, enzymic reaction is 
necessary for the formation of the "protein-bound” 
porphyrin. Since coproporphyrinogen III can be 
recovered completely under the above conditions, the 
binding cannot be due to simple adsorption, or to 
reactions of coproporphyrinogen III with iodine or 
to the subsequent HC1 treatment in the presence of 
protein.
Recovery experiments were carried out with proto­
porphyrinogen (Table 13), prepared by reduction with 
sodium borohydride (Nishida & Labbe, 1959). Only 
30^ reduction was obtained in the best preparations, 
but comparable substrate concentrations to the above 
were maintained by reducing three times as much proto­
porphyrin (30 jum moles). On oxidation, at the end of 
incubation, these high concentrations led to the
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p r e c i p i t a t i o n  and l o s s  of  p r o t o p o r p h y r i n  by  a d s o r p t i o n  
onto t h e  p r o t e i n  p r e c i p i t a t e .  The a d s o r b e d  p r o t o ­
p o r p h y r i n  c o u ld ,  however,  be r e c o v e r e d  c o m p l e t e ly  by  
e x t r a c t i o n  w i t h  g l a c i a l  a c e t i c  a c i d .
The " p r o t e i n - b o u n d "  p o r p h y r i n  c o u ld  n o t  be
giaciai ateUc ac id  or
s p l i t  from t h e  p r o t e i n  b y ^ e t h y l  a c e t a t e - a c e t i c  a c i d ,  
a c e to n e -H C l ,  5$ w/v sodium d o d e c y l s u l p h a t e ,  5$ 
c e ty l t r im e th y la m m o n iu m  bromide  o r  8M-urea.  Methods 
which d id  s p l i t  t h i s  complex and y i e l d  e t h e r - s o l u b l e  
p o r p h y r i n  w ere :  p r o lo n g e d  h y d r o l y s i s  a t  40° f o r
60 h r .  i n  t h e  d a rk  w i t h  e i t h e r  18$ HC1 o r  N-NaOH, t h e  
s i l v e r  s a l t  method of  P a u l  (1 9 5 0 ) ,  and t r e a t m e n t  
o v e r n i g h t  a t  room t e m p e r a t u r e  w i t h  50$ HBr i n  g l a c i a l  
a c e t i c  a c i d  ( H i l l  & K e i l i n ,  1 9 3 0 ) .  The p o r p h y r i n  a p p e a r s ,  
t h e r e f o r e ,  t o  be  bound c o v a l e n t l y  t o  t h e  p r o t e i n .
That t h e  " p r o t e i n - b o u n d "  p o r p h y r i n  was n o t  
s im p ly  a d s o r b e d  p r o t o p o r p h y r i n  was c o n f i rm e d  by  
e x a m in a t io n  of  t h e  p o r p h y r i n s  s p l i t  f rom t h e  p r o t e i n  
by  a c i d  h y d r o l y s i s .  The p o r p h y r i n s  i n  t h e  h y d r o l y s a t e  
were e x t r a c t e d  i n t o  e t h e r  a t  pH4 and t h e n  s e p a r a t e d  
by  HC1 f r a c t i o n a t i o n .  The d a t a  o b t a i n e d  (Table  15) 
s u g g e s t s  th e  p r e s e n c e  of two bound p o r p h y r i n s ; t h e  
t e t r a c a r b o x y l  p o r p h y r i n  d e f i n i t e l y  a p p e a r s  t o  be 
c o p r o p o r p h y r i n .  The d i c a r b o x y l  p o r p h y r i n ,  however ,
p o s s e s s e s  r a t h e r  u n u s u a l  p r o p e r t i e s ;  i t s  m e th y l  e s t e r
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T able  15
P r o p e r t i e s  of  p o r p h y r i n s  f rom  HC1 h y d r o l y s i s  of  
11 p r o t e i n - b o u n d "  p o r p h y r i n
Of th e  i n c u b a t i o n  m ix t u r e  d e s c r i b e d  i n  P i g .  25, 
39 ml.  were i n c u b a t e d  u n d e r  th e  s t a n d a r d  c o n d i t i o n s .  
A f t e r  t r e a t m e n t  w i t h  I 2 , s o l u b l e  p o r p h y r i n s  were
e x t r a c t e d  w i t h  5$ HC1 (Methods)  and th e  p r o t e i n - b o u n d "  
p o r p h y r i n  was h y d r o l y s e d  w i t h  18$ HC1 i n  t h e  d a rk  a t  
40° f o r  60 h r .  The e t h e r - s o l u b l e  p o r n h y r i n s  were 
e x t r a c t e d  a t  pH 4 .0  and f r a c t i o n a t e d  w i t h  0 .3 6 $  HC1 
and 10$ HC1.
C h a r a c t e r P o r p h y r i n  from
0.36/° HC1 
F r a c t i o n
1 0 /  HC1 
F r a c t i o n
S o r e t  i n  0 .3 6 $  HC1 401.5 —
S o r e t  i n  10$ HC1 - 406 .5
N e u t r a l  E t h e r 396, 497, 528, 399, 499, 532,
Spectrum (mjLi) 568-576 ,  625. 577, 630
L u t i d i n e
Chromatography 4 COOH 2 COOH
E s t e r  Chromatography I d e n t i c a l  c o p r o p o r p h y r i n  
t e t r a m e t h y l  e s t e r
Band p o s i t i o n s  (mjLi) i n  n e u t r a l  e t h e r  s o l u t i o n  of  
c o p r o p o r p h y r i n  (397,  498, 527, 568, 6 2 3 ) ,  p r o t o p o r p h y r i n  
(404,  503, 536, 576, 633) and h a e m a to p o r p h y r in  (404,  499, 
533» 569, 6 2 4 ) .  ( J . E .  P a l k ,  u n p u b l i s h e d  r e s u l t s ) .
135
b ehaved  on chromatograms l i k e  c o p r o p o r p h y r i n  m e th y l  
e s t e r  b u t  t h e  f r e e  p o r p h y r i n  i n  e t h e r - s o l u t i o n  p o s s e s s e d  
a sp e c t ru m  d i f f e r e n t  from t h a t  of c o p r o p o r p h y r i n .
T h is  method of p o r p h y r i n  i s o l a t i o n  o n ly  p e r m i t s  t h e  
e x a m in a t io n  of t h e  e t h e r - s o l u b l e  p o r p h y r i n s .
When t h e  a c i d - p r e c i p i t a t e d  p r o t e i n  w i t h  i t s  
bound p o r p h y r i n s  was d i s s o l v e d  i n  e q u a l  p a r t s  of 
p y r i d i n e ,  N-NaOH and w a te r  a c l e a r  s o l u t i o n  was o b t a i n e d  
w i t h  a S o r e t  a b s o r p t i o n  peak  a t  399 mu. By assum ing  
an 6 = 150, t h e  r e s u l t s  shown by t h e  u n sh ad ed  columns
i n  P i g .  29 were o b t a i n e d .  With l o n g e r  i n c u b a t i o n
a a
t h e  c o n c e n t r a t i o n  of  p r o t e i n - b o u n d  p o r p h y r i n  d e c r e a s e d  
w h i le  t h a t  o f  p r o t o p o r p h y r i n  i n c r e a s e d .
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Coprogen I I I added
HOURS
F ig .  29. T r a n s f o r m a t i o n  o f  c o p r o p o r p h y r in o g e n  I I I  by t h e  
enzyme e x t r a c t .  Enzyme e x t r a c t  (2 .8  m l . ) was i n c u b a t e d  
u n d e r  c o n d i t i o n s  o t h e r w i s e  i d e n t i c a l  w i t h  F i g .  25. ^  ,
c o p r o p o r p h y r i n ;  ES , p r o t o p o r p h y r i n ;  Q  > " p r o t e i n - b o u n d "  
p o r p h y r i n  e s t i m a t e d  a s  d e s c r i b e d  i n  t e x t .  0 ,  c o p r o p o r p h y r i n ­
ogen a u t o x i d a t i o n  i n  t h e  a b s e n c e  of  enzyme. Copro-  and p r o t o ­
p o r p h y r i n s  e s t i m a t e d  t o g e t h e r  s i m u l t a n e o u s l y  a s  d e s c r i b e d  
(M ethods) .  A u t o x i d a t i o n  was m easu red  by f o l l o w i n g  th e  i n c r e a s e  
a b s o r p t i o n  of  401 .5  mjU a f t e r  t h e  a d d i t i o n  of  HC1 ( f i n a l  
c o n c e n t r a t i o n ,  5 $ ) .
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D i s c u s s i o n
Evidence  has  been  p r e s e n t e d  f o r  t h e  f o r m a t i o n  
of  a re d u c e d  p r o t o p o r p h y r i n  i n t e r m e d i a t e  d u r i n g  
c o p ro g e n -a se  a c t i v i t y .  The method d e s c r i b e d  f o r  
t h e  d e t e c t i o n  o f  t h i s  compound r e q u i r e s  t h a t  t h e  
r e d u c ed  p o r p h y r i n  has  an  e x t i n c t i o n  c o e f f i c i e n t »  
i n  t h e  S o re t  r e g i o n  d i f f e r e n t  t o  t h a t  o f  t h e  p a r e n t  
p o r p h y r in  , The s t u d i e s  o f  M a u z e r a l l  & G-ranick 
(1958) showed t h a t  t h e  d i h y d r o - ,  t e t r a h y d r o -  and 
h e x ah y d ro -  p o r p h y r i n s  have no a b s o r p t i o n  peaks  i n  
t h i s  r e g i o n ;  O rlando  (1958) ,  however ,  r e p o r t e d  t h a t  
a " s e m i-p o rp h y r in o g e n "  of  unknown s t r u c t u r e  formed 
d u r in g  the  r e d u c t i o n  of  c o p r o p o r p h y r i n  t o  c o p ro ­
p o rp h y r in o g en  has  h i g h e r  S o r e t  a b s o r p t i o n  t h a n  c o p ro ­
po rp h y r in *
The s t r u c t u r e  of t h e  r e d u c e d  p r o t o p o r p h y r i n  
i n t e r m e d i a t e  d e t e c t e d  i n  t h i s  s t u d y  i s  n o t  known, b u t  
s i n c e  e a r l i e r  s t e p s  i n  t h e  c o n v e r s i o n  o f  PEG- t o  haem 
in v o lv e  p o r p h y r in o g e n s  i t  i s  r e a s o n a b l e  t o  e x p e c t  t h a t  
c o p ro p o rp h y r in o g e n  may be c o n v e r t e d  t o  p r o t o p o r p h y r i n ­
ogen,  A d e c r e a s e  i n  p o r p h y r i n o g e n  a b s o r p t i o n  a t  
200 mu d u r in g  t h e  p h o to c h e m ic a l  o x i d a t i o n  of  th e  
i n t e r m e d i a t e  may c l a r i f y  t h i s  m a t t e r *
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The t e t r a p y r r o l e  s p e c i f i c i t i e s  of t h e  enzymes 
c o n v e r t i n g  u r o p o r p h y r in o g e n  t o  haem a r e  summarized 
i n  T ab le  16 ,  R e s u l t s  p r e s e n t e d  i n  t h i s  t h e s i s  show 
t h a t  c o p r o g e n - a s e  a c t s  w i t h  c o p ro p o r p h y r in o g e n s  I I I  
and IV b u t  n o t  I  and  I I  and t h a t  f e r r o c h e l a t a s e  r e a c t s  
w i t h  m e s o p o r p h y r in s  I  and  IX, of t h e  i so m er  s e r i e s  I  
and I I I  r e s p e c t i v e l y  ( see  C h a p te r  IV ) ,
I f  f e r r o c h e l a t a s e  were u n a b le  t o  c o n v e r t  
m e s o p o rp h y r in  X I I I ,  of  t h e  i so m er  IV s e r i e s  t o  t h e  
c o r r e s p o n d i n g  haem, t h e n  an  e x p l a n a t i o n  f o r  t h e  
o c c u r r e n c e  i n  n a t u r e  o f  haems of  t h e  s e r i e s  I I I  t y p e  
o n ly  i m m e d ia te ly  becomes a p p a r e n t  ( see  Table  1 6 ) ,
The f o r m a t i o n  of  4 - v i n y l d e u t e r o p o r p h y r i n  f rom 
d e u t e r o p o r p h y r i n o g e n - 4 - p r o p i o n i c  a c i d  by  c o p ro g e n - a s e  
i s  i n t e r e s t i n g .  I t  i s  known t h a t  c o p r o p o r p h y r in o g e n  
i s  c o n v e r t e d  t o  p r o t o p o r p h y r i n  by way of  a t r i c a r b o x y l i c  
p o r p h y r i n  (Bogorad & G r a n ic k ,  1953 a ,  b ;  F a lk  a t  a l ,  
1956;  Sano & G-ranick, 1 9 6 1 ) .  I f  two enzymes a re  
i n v o l v e d  i n  c o p r o g e n - a s e  a c t i v i t y ,  one s p e c i f i c  f o r  
a t e t r a c a r b o x y l  p o r p h y r i n  and a n o t h e r  s p e c i f i c  f o r  a 
t r i c a r b o x y l  p o r p h y r i n ,  t h e n  t h e  p r e s e n t  r e s u l t  i n d i c a t e s  
t h a t  t h e  v i n y l  g r o u p s  formed by t h e  f i r s t  enzyme i s  
n o t  e s s e n t i a l  f o r  t h e  a c t i v i t y  of  t h e  second  enzyme.
The ‘p r o t e i n - b o u n d " p o r p h y r i n s  d e t e c t e d  d u r i n g
c o p r o g e n - a s e  a c t i v i t y  may r e p r e s e n t  o x i d i z e d  form s of
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Table 16
The tetrapyrrole specificity of the enzymes converting 
uroporphyrinogen to haem
Isomer
series
used
Uroporphyrinogen
decarboxylase
Coprogen-ase Ferro-
chelatase
I + - +
II + - *
III + + +
IV + + *
* not tested
H O .
i t  | *
p r o t e i n - b o u n d  p o r p h y r in o g e n s  which may f u n c t i o n  a s  
i n t e r m e d i a t e s  i n  t h e  b i o s y n t h e s i s  of  p r o t o p o r p h y r i n .
A l t e r n a t i v e l y  t h e  r e s u l t s  shown i n  F i g .  29 
c o u ld  oe e x p l a i n e d  by t h e  f o l l o w i n g  scheme:
C o p ro p o rp h y r in o g e n
" p r o t e i n - b o u n d "  p o r p h y r in o g e n  
B
p r o t o p o r p h y r i n o g e n
V
p r o t  o p o r p h y r i n
As t h e  c o p ro p o r p h y r in o g e n  c o n c e n t r a t i o n  d e c r e a s e s
t h r o u g h  t h e  a c t i v i t y  o f  c o p ro g e n - a s e  (A) and t h r o u g h
a u t o x i d a t i o n  of  c o p ro p o r p h y r in o g e n ,  c o n t i n u e d  p r o t o -
p o rp h y r  in o g en  o x i d a t i o n  (C) may l e a d  t o  th e  d e c r e a s e ; btj 
reverse  I of recu/l'lOft 6 ,
Ai n  t h e  c o n c e n t r a t i o n  of  p r o t e i n - b o u n d  p o r p h y r in o g e n  
w i t h  su b s e q u e n t  i n c r e a s e  i n  p r o t o p o r p h y r i n  f o r m a t i o n .
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It is of interest that Sano & G-ranick (1961) 
have postulated the formation of an adduct by an 
addition reaction between the sulphydryl groups of 
apocytochrome c and the vinyl groups of protoporphyrin­
ogen, and that this adduct is involved in the formation 
of cytochrome c. It is known that similar addition 
reactions occur readily, but it seems unlikely that 
the "protein-bound" porphyrin is derived only by such 
an addition reaction. Acid hydrolysis of such a 
complex would be expected to cleave peptide linkages 
of the protein and release an ether-insoluble tetra- 
carboxyl porphyrin similar to porphyrin c (Fig. 13 (21)) 
The results in Table 15 show the liberation of ether- 
soluble porphyrins; ether insoluble porphyrins would 
not be detected using the method described.
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Summa r y
1o The p r e p a r a t i o n  of a s o l u b l e  c o p ro g e n - a s e  
e x t r a c t  from b e e f  l i v e r  m i t o c h o n d r i a  i s  d e s c r i b e d .
No c o f a c t o r  r e q u i r e m e n t s  cou ld  be d e m o n s t r a t e d  and t h e  
e x t r a c t  i s  u n a f f e c t e d  by d i a l y s i s .  Oxygen a p p e a r s  
t o  be e s s e n t i a l  f o r  a c t i v i t y .
2. A t tem p ts  t o  p u r i f y  c o p ro g e n - a s e  met w i th  v e r y  
l i m i t e d  s u c c e s s .  No e v id e n c e  was o b t a i n e d  t o  su g g e s t  
t h a t  more t h a n  one enzyme i s  i n v o l v e d .
3.  A new method has  been  d e s c r i b e d  which  p e r m i t s  
c o p r o p o r p h y r i n  and p r o t o p o r p h y r i n  t o  be d e te r m in e d  
t o g e t h e r  i n  5$ HC1 s o l u t i o n ,  and has  been used  f o r  
t h e  a s s a y  o f  c o p ro g e n - a s e  a c t i v i t y .
4 .  The enzymic f o r m a t i o n  of a r e d u c e d  form of 
p r o t o p o r p h y r i n ,  p r o b a b l y  p r o t o p o r p h y r i n o g e n ,  has  
b een  d e m o n s t r a t e d .
5. C opro g en -a se  a c t s  on d e u t e r o p o r p h y r i n o g e n - 4 -  
p r o p i o n i c  a c i d  and c o p ro p o r p h y r in o g e n s  I I I  and IV.
I t  does no t  use c o p ro p o r p h y r in o g e n s  I  o r  I I .
6.  Dur ing  c o p r o g e n - a s e  a c t i v i t y  a 1 p r o t  e in -b o u n d "  
p o r p h y r i n  i s  fo rm ed ,  b u t  i t s  s i g n i f i c a n c e  i s  n o t
u n d e r s t o o d .
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7 .  A two d i m e n s io n a l  p a p e r  c h ro m a to g ra p h ic  t e c h n i q u e  
has  been  d e s c r i b e d  f o r  t h e  s e p a r a t i o n  of  p o r p h y r i n s
i n  t h e  p r e s e n c e  of  c h l o r o p h y l l .
8 .  C o p ro p o rp h y r in o g e n  i s  r e a s o n a b l y  s t a b l e  i n  
t h e  d a rk  a t  pH 7 . 2  under  a e r o b i c  c o n d i t i o n s .
In  a n a e r o b i c  c o n d i t i o n s  i t  i s  s t a b l e  i n  t h e  p r e s e n c e  
of PAD, m e th y le n e  b l u e ,  p h en az in e  m e t h o s u l p h a t e , 
i n d o p h e n o l - 2 : 6 - d i c h l o r o p h e n o l  and f e r r i - c y t o c h r o m e  c 
b u t  i s  r e a d i l y  o x i d i z e d  by f e r r i c y a n i d e  and i o d i n e .
9.  S t u d i e s  w i th  a n t i - m e t a b o l i t es  and c o f a c t o r s  
f a i l e d  t o  i n d i c a t e  t h e  mechanism o f  c o p r o g e n - a s e  
a c t i v i t y .
144.
C H A P T E R  I Y
STUDIES ÖN FERROCHELATASE AND ITS POSSIBLE 
SIGNIFICANCE IN THE BIOSYNTHESIS OE 
HAEMOPROTEIN PROSTHETIC GROUPS
I n t r o d u c t i o n
L i t t l e  i s  known a b o u t  t h e  mechanism o f  t h e  
f e r r o c h e l a t a s e  r e a c t i o n  b u t  some o f  i t s  p r o p e r t i e s  
have  a l r e a d y  been  d i s c u s s e d  ( C h a p te r  I ,  S e c t i o n  15) .
N i s h i d a  & Labbe (1959) r e p o r t e d  an i n i t i a l  l a g  
p h ase  i n  haem f o r m a t i o n  when s u s p e n s i o n s  o f  r a t  l i v e r  
m i t o c h o n d r i a  were  i n c u b a t e d  w i t h  p r o t o p o r p h y r i n  and 
Fe++ i o n s  u n d e r  a s t r e a m  o f  n i t r o g e n  and t h e y  c la im e d  
t h a t  t h i s  l a g  p h ase  was a b o l i s h e d  by p r e i n c u b a t i o n  o f  
t h e  enzyme p r e p a r a t i o n  w i t h  p r o t o p o r p h y r i n .  This  
s u g g e s t e d  t o  t h e  w r i t e r  t h a t  p r o t o p o r p h y r i n  may have  
been  c o n v e r t e d  t o  an a c t i v e  i n t e r m e d i a t e ,  p e rh a p s  a 
r e d u c e d  p o r p h y r i n ,  d u r i n g  t h e  p r e i n c u b a t i o n .  This  
h y p o t h e s i s  was a t t r a c t i v e  i n  v iew  of  t h e  known im p o r t a n c e  
o f  p o r p h y r i n o g e n s  i n  t h e  haem b i o s y n t h e t i c  s e q u e n c e .
N i s h i d a  & Labbe (1 9 5 9 ) ,  h a v in g  u s e d  p r o t o p o r p h y r i n  
and p r o t o p o r p h y r i n o g e n  i n  a  f e r r o c h e l a t a s e  s p e c i f i c i t y  
s t u d y ,  s u g g e s t e d  t h a t  t h e  o b s e r v e d  u t i l i z a t i o n  o f  t h e
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porphyrinogen might be accomplished by its prior 
oxidation to a porphyrin by an oxidase. Their studies 
showed that this oxidase is largely lost in soluble 
extracts of liver mitochondria, Sano & Granick (1961) 
have also proposed the existence of such an oxidase 
in frozen and thawed liver mitochondria.
There have been several reports of the non- 
enzymic incorporation of metals into reduced porphyrins 
(Orlando, 1958; Heikel, Lockwood & Rimington, 1958)# 
Orlando (1958) and Lemberg (1961) have suggested that
-H--e ions might be more easily incorporated into the 
non-planar structure of reduced porphyrins; the planar 
structure being destroyed upon the reduction of the 
methene bridges, Phillips (1961) has suggested the 
tautomeric shift of eight H atoms of the porphyrinogen 
oo the ^-»pyrrole carbon atoms, producing a hexahydro— 
porphyrin of maximum double bond conjugation (Pig, 3C ) 
and it has been suggested that in this form the 
porphyrinogen molecule would be more accessible to 
Pe++ ions.
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?ig« 30, A hexahydroporphyrin of maximum double bond 
conjugation.
A rapid assay of ferrochelatase activity depending 
upon the measurement of the pyridine haemochromogen of 
the newly formed haem is described in this chapter« 
ihe principle of this assay was used by Oyama, Sugita, 
Yoneyama and Yoshikaya (1961) to identify the haems 
formed during a study of ferrochelatase specificity. 
Earlier assays have involved the measurement of porphyrin 
disappearance or of newly synthesized [59?e] haem. (Oyama 
et alo, 1961; Labbe, 1959)«
In the present chapter an attempt has been made 
to determine the reduction state of the substrate
porphyrin« Ihe effects of various ß-substituents
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o f  t h e  p o r p h y r i n  n u c l e u s  u p o n  e n z y m i c  haem f o r m a t i o n  
h a v e  b e e n  i n v e s t i g a t e d  a n d  a n  e x a m i n a t i o n  o f  some 
n o n - h a e m a t o p o i e t i c  m i c r o - o r g a n i s m s  h a s  b e e n  made t o  
e s t a b l i s h  w h e t h e r  f e r r o c h e l a t a s e  i s  i n v o l v e d  i n  t h e  
s y n t h e s i s  o f  h a e m o p r o t e i n s  o t h e r  t h a n  h a e m o g l o b i n .  
The e f f e c t s  o f  GSH a n d  a n a e r o b i o s i s  on  t h e  r e a c t i o n  
h a v e  b e e n  i n v e s t i g a t e d .
Ernaso l  41 3 0  ( p o l y o x y e t h y l e n e - s o r b i t a n - m o n o - o l e a t e ) was  
o b t a i n e d  f r o m  t h e  Kao S o a p  C o . ,  T o k y o .  The c o n c e n t r a ­
C e n t r e ,  Amersham,  B u c k s . ,  G-t. B r i t a i n .  S p e c i f i c  a c t i v i t y  
w as  1 pC p e r  6 . 6  [im m o l e s .  The f e r r i c  s a l t  was  r e d u c e d  
t o  t h e  f e r r o u s  f o r m  by  t h e  a d d i t i o n  o f  e x c e s s  GSH. 
P o r p h y r i n o g e n  a n d  p o r p h y r i n  s u b s t r a t e s . A l l  s t o c k  s o l u ­
t i o n s  u s e d  w e r e  a d j u s t e d  t o  a  c o n c e n t r a t i o n  o f  200 |im 
m o l e s  p e r  1 . 5  ml# a n d  p H 7 . 8 .  The s i d e - c h a i n s  o f  a l l  
p o r p h y r i n s  m e n t i o n e d  a r e  d e f i n e d  i n  T a ]p le23 .
I  t h a n k  D r .  J . E .  F a l k  f o r  a  s a m p l e  o f  m o n o f o r m y l d e u t e r o -  
p o r p h y r i n  XV d i m e t h y l  e s t e r  ( c f .  L e m b e rg  & F a l k ,  1 9 5 1 ) ,
EXPERIMENTAL
M a t e r i a l s
t i o n s  o f  a q u e o u s  s o l u t i o n s  a r e  g i v e n  i n  $  ( w / v ) .
^ F e ]  F e r r i c  c i t r a t e  was  o b t a i n e d  f r o m  t h e  R a d i o c h e m i c a l  
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Dr.  D.B. M o r e l l  o f  t h e  R oya l  N o r th  Shore  H o s p i t a l ,
Sydney,  f o r  a  sample  of  p o r p h y r i n  a ,  and Mr. J .  B a r r e t t  
o f  t h e  same a d d r e s s  f o r  c h l o r o c r u o r o p o r p h y r i n  and 
h a e m a to p o r p h y r in  IX d im e th y l  e s t e r . M e so p o rp h y r in  I  
d im e th y l  e s t e r  f rom t h e  H. B i s c h e r  c o l l e c t i o n  was s u p p l i e d  
by P r o f e s s o r  C. R im in g to n ,  U n i v e r s i t y  C o l l e g e  H o s p i t a l  
M ed ica l  S c h o o l ,  London.
P o r p h y r i n  a  ( M o r e l l ,  B a r r e t t  & C le z y ,  1961;  C lezy  &
B a r r e t t ,  1961)  was s t o r e d  i n  e t h e r  s o l u t i o n  i n  the  
d a rk  a t  - 1 5 °  and was e x t r a c t e d  i n t o  0.5N-NH40H c o n t a i n i n g  
3$ Emasol 4130 i m m e d ia t e l y  b e f o r e  i n c u b a t i o n .
C h l o r o c r u o r o p o r p h y r i n  was d i s s o l v e d  d i r e c t l y  i n t o  0 .  5N-NH.0H 
c o n t a i n i n g  3$ Emasol  i m m e d ia te ly  b e f o r e  i n c u b a t i o n .  
P r e p a r a t i o n  o f  f r e e  p o r p h y r i n  s o l u t i o n s .  The d im e th y l  
e s t e r s  o f  m e s o p o r p h y r in  I ,  m o n o f o r m y ld e u te r o p o rp h y r in  
and h a e m a to p o r p h y r in  IX were  h y d r o l y s e d  i n  20$ HC1 a t  4° 
o v e r n i g h t .  The a c i d i c  s o l u t i o n s  were t h e n  a d j u s t e d  
t o  pH4 w i t h  sodium a c e t a t e  and t h e  f r e e  p o r p h y r i n s  
e x t r a c t e d  i n t o  e t h e r .  The h a e m a to p o r p h y r in  was e x t r a c t e d  
from e t h e r  w i t h  0 . 1 $  HC1, t h e  m e s o p o rp h y r in  I  w i t h  5$ HC1, 
and t h e  m o n o f o r m y ld e u te r o p o r p h y r in  w i t h  10$ HC1. The 
p o r p h y r i n s  were  a g a i n  r e - e x t r a c t e d  a t  pH4 i n t o  f r e s h  e t h e r .  
The e t h e r  s o l u t i o n s  were  washed w i t h  w a t e r  and t h e  f r e e  
p o r p h y r i n s  e x t r a c t e d  i n t o  0.5N-NH40H c o n t a i n i n g  3$ Emasol.
149
A lc o h o l  d e r i v a t i v e s  of p o r p h y r i n  a and m onoformyl-
deu t e r o p o r p h y r i n , The fo rm y l  g roups  of  t h e s e  compounds
were r e d u c e d  t o  a l c o h o l  g ro u p s  by t h e  sodium b o r o h y d r id e  
method o f  C lez y  & B a r r e t t  ( 1 9 6 1 ) .  The a l c o h o l  d e r i v a t i v e s ,  
p o s s e s s i n g  lo w er  HC1 numbers t h a n  t h e  p a r e n t  fo rm y l  
compounds, were e x t r a c t e d  from t h e  e t h e r  i n  which t h e y  were 
form ed w i t h  5$ and 0 . 5 HC1 r e s p e c t i v e l y .  These a l c o h o l  
d e r i v a t i v e s  were t h e n  r e - e x t r a c t e d  i n t o  e t h e r  by a d j u s t i n g  
t o  pH4 w i t h  sodium a c e t a t e  and t h e s e  s o l u t i o n s  were washed
e x t e n s i v e l y  w i t h  w a t e r .  The n e u t r a l  s p e c t r a  were now
and
o b s e r v e d  t o  have changed from t h e  oxorhodo Arhodo  t y p e ,
c h a r a c t e r i s t i c  o f  t h e  two f o rm y l  compounds, t o  t h e  a e t i o
ty p e  s p e c t r a  of  t h e  a l c o h o l  d e r i v a t i v e s  ( c f . Lemberg &
F a l k ,  1 9 5 1 ) .  The p o r p h y r i n s  were e x t r a c t e d  i n t o
0.5N-NH^0H c o n t a i n i n g  3$ Emasol 4130.
P o r p h y r i n £  ( N e i l a n d s  & Tuppy, I9 6 0 )  was a g i f t  f rom
ndP r o f e s s o r  H. Tuppy, I I  Chemical  L a b o r a t o r y ,  U n i v e r s i t y  
of V ien n a ,  T h is  p o r p h y r i n  was d i s s o l v e d  i n  0 . 2  N-NH^OH 
and d i l u t e d  w i t h  0 ,1  M-KHCO^.
Q o p ro p o rp h y r in  I I I  was d i s s o l v e d  a s  d e s c r i b e d  f o r  
p o r p h y r i n  c .
M e so p o rp h y r in IX was o b t a i n e d  f rom F lu k a ,  A .G . ,  B a s e l ,
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and was d i s s o l v e d  as  d e s c r i b e d  f o r  p o r p h y r i n  c_.
M esoporphyr inogen  IX was p r e p a r e d  by t h e  method o f  
M a u z e r a l l  & G-ranick ( 1 9 5 8 ) .  A f t e r  r e d u c t i o n ,  t h e  pH 
was a d j u s t e d  t o  7 . 8  by t h e  a d d i t i o n  o f  a c e t i c  a c i d .
D i f o r m y l d e u t e r o p o r p h y r i n  was p r e p a r e d  f rom  a  p u re  sample  
o f  d i f o r m y l d e u t e r ohaem, s u p p l i e d  by Dr.  J . E .  F a l k .
The i r o n  was removed by t h e  method of  M o r e l l  & S t e w a r t  
(1956)  and t h e  a c i d i c  s o l u t i o n  o f  t h e  p o r p h y r i n  t h e r e b y  
o b t a i n e d  was a d j u s t e d  t o  pH4 w i t h  sodium a c e t a t e  and th e  
p o r p h y r i n  e x t r a c t e d  i n t o  e t h e r .  The p o r p h y r i n  was t h e n  
e x t r a c t e d  i n t o  15$ HC1 and a g a i n  r e t u r n e d  t o  e t h e r  by 
a d j u s t i n g  t h e  pH t o  4 w i t h  sodium a c e t a t e .  The e t h e r  
s o l u t i o n  was washed e x t e n s i v e l y  w i t h  w a t e r .  The 
n e u t r a l  e t h e r  s p e c t ru m  was o f  t h e  a e t i o  t y p e  and peak  
p o s i t i o n s  c o r r e s p o n d e d  t o  t h o s e  q u o te d  by Lemberg &
F a l k  (1 9 5 1 ) .  The p o r p h y r i n  was e x t r a c t e d  i n t o  0.5N-NH^0H 
c o n t a i n i n g  3$ Emasol 4130.
P r o t o p o r p h y r i n  IX was p r e p a r e d  from p ro tohaem  by t h e  method 
oi  M o r e l l  & S t e w a r t  ( 1 9 5 6 ) .  The a c i d i c  s o l u t i o n  o b t a i n e d  
was a d j u s t e d  t o  pH4 w i t h  sodium a c e t a t e  and t h e  p r o t o ­
p o r p h y r i n  was e x t r a c t e d  i n t o  e t h e r .  The e t h e r  was washed 
t h r e e  t im e s  w i t h  0 .3 6 $  HC1 and t h e  p r o t o p o r p h y r i n  e x t r a c t e d  
w i t h  10$ HC1. The p r o t o p o r p h y r i n  was a g a i n  e x t r a c t e d  
i n t o  e t h e r  and washed w i t h  0 .3 6 $  HC1 as  d e s c r i b e d  above .
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The e t h e r  s o l u t i o n  was washed t h r e e  t im e s  w i t h  l a r g e  
volumes o f  w a t e r  and t h e  p r o t o p o r p h y r i n  f i n a l l y  e x t r a c t e d  
i n t o  e i t h e r  0.5N-NH40H o r  0.5N-NH40H c o n t a i n i n g  yf> w /v  
Emasol 4130.
Mono( ß - ) h y d r o x y e t h y l m o n o v i n y l d e u t e r o p o r p h y r i n  XV (BVDP) 
was i s o l a t e d  from a sample o f  h a e m a to p o r p h y r in  (F lu k a  A .G . ,  
B a s e l ) .  The h a e m a to p o r p h y r in  sample  was d i s s o l v e d  i n  
d i l u t e  ammonia, a d j u s t e d  t o  pH4 By t h e  a d d i t i o n  o f  HC1 and 
t h e  p o r p h y r i n s  were  e x t r a c t e d  i n t o  e t h e r  which  was t h e n  
washed f r e e  o f  h a e m a to p o r p h y r in  w i t h  0 .1 $  HC1. The 
e t h e r  s t i l l  c o n t a i n e d  p o r p h y r i n ,  some o f  which  c o u ld  he 
e x t r a c t e d  i n t o  0 . 5 1° HC1. The p o r p h y r i n  i n  t h i s  f r a c t i o n  
p ro v ed  t o  he  BVDP and was e x t r a c t e d  a t  pH4 i n t o  e t h e r  and 
t h e  s o l u t i o n  d i v i d e d  i n t o  two p o r t i o n s .  The p o r p h y r i n  
was e x t r a c t e d  from one p o r t i o n  o f  t h e  e t h e r  i n t o  0.5N-IRM0H 
c o n t a i n i n g  yfo Emasol 4130 and u s e d  a s  s u b s t r a t e .  The 
second  p o r t i o n  of  e t h e r  was e v a p o r a t e d  t o  d r y n e s s  u n d e r  
r e d u c e d  p r e s s u r e ,  The f r e e  p o r p h y r i n  was e s t e r i f i e d  and 
tn e  e s t e r  o b t a i n e d  i n  a n e u t r a l  c h lo r o f o r m  s o l u t i o n  by t h e  
method d e s c r i b e d  by F a l k  (1962)  and was u s e d  f o r  s p e c t r o — 
p h o t o m e t r i c  and c h ro m a to g r a p h ic  c o m p ar iso n  w i t h  an 
a u t h e n t i c  sample  o f  t h e  d im e th y l  e s t e r  o f  BVDP, a  g i f t  
from Mr. J .  B a r r e t t ,  Roya l  N o r th  Shore  H o s p i t a l ,  Sydney.
The sp e c  t r a  o b t a i n e d  i n  c h lo r o f o r m  were i d e n t i c a l  and t h e  
samples  b ehaved  i d e n t i c a l l y on p a p e r  chromatograms
developed by the propanol-kerosene method of Chu,
Green & Chu (1951)•
Haemoglobin. This was prepared from human blood by 
the method of Drabkin (1949).
Sodium Dithionite. Laboratory grade reagent, British 
Drug Houses Ltd.
All other chemicals, not already described in earlier 
chapters, were of analytical reagent grade used without 
further purification.
Pig Liver Extract. Presh pig liver was collected from 
the local abattoirs in chilled 0.25 M-sucrose and 
mitochondria were prepared by the method of Mahler,
Wakil & Boch (1953). After centrifugation in a Sharpies 
Superspeed Centrifuge a thick paste of mitochondria was 
obtained, contaminated in the lower section of the barrel 
with red blood cells, which were discarded. The paste 
was gently stirred for 2 hr. with three volumes of 0.1 M-KHCO^ 
containing 10 mg. per ml* of Tween 20. This suspension was 
centrifuged at 4° C for 20 min. at approximately 20,000 x g, 
and the supernatant recentrifuged for 90 min. at 30,000 
rev./min. in the 30 rotor of a Spinco model L centrifuge.
The supernatant was dialysed for 20 hr. against two successive 
volumes of 5 1. of 0.1 M-KHCO^. Approximately 280 ml. of
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extract was obtained from 1 kg. of fresh liver. The 
protein content was determined (cf. Lowry, Rosebrough,
Parr & Randall, 1951) at approximately 25 mg./ml.
When the enzyme extract was assayed as described in the 
pyridine haemochromogen assay (below), the protohaem 
content was found to be less than 5 um moles/ml. 
Micro-organisms: Chromatium D cells were a gift from
Dr. C.A. Appleby. Thiobacillus X cells, grown by the 
method of Trudinger (1961), were a gift from 
Dr. P.A. Trudinger. Compressed baker's yeast 
(Saccharomyces cerevisiae) was supplied by the Compressed 
Yeast Co. (N.S.W.) Pty. Ltd., Sydney. Escherichia coli 
cells were grown for 16 hr. at 37° with mechanical 
shaking in a medium containing 2$ Difco-Bactopeptone 
and 0.1$ Difco-Yeast extract. The cells were harvested 
and washed twice with 0.1M potassium phosphate buffer, 
pH 7.4. Clostridium welchii (strain No. 230-2) kindly 
supplied by Br. P. Lehmann-Grube, Department of Micro­
biology, Australian National University, were grown 
anaerobically for 18 hr. at 37° in a medium described 
by MacLennan, Mandl & Howes (1953) using the anaerobic 
technique of Parker (1955). The bacteria were harvested 
and washed twice with 0.1M-potassium phosphate buffer, pH7.4.
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C e l l - f r e e s u s p e n s i o n  of  mi c r o - o r g a n i s m s : B roken  c e l l
p r e p a r a t i o n s  of e ach  m ic r o - o r g a n i s m  were p r e p a r e d  by  
p a s s i n g  t h i c k  s u s p e n s i o n s  of th e  c e l l s  t h r o u g h  th e  
a p p a r a t u s  d e s c r i b e d  by  M i l n e r ,  Lawrence & F ren ch  (1950) 
a t  1 5 ,0 0 0  l b . / i n  . Unbroken c e l l s  and c e l l  d e b r i s  
were removed by  low sp e ed  c e n t r i f u g a t i o n .  The c e l l ­
a r  ee s u s p e n s i o n s  o b t a i n e d  from d i f f e r e n t  m ic r o - o r g a n i s m s  
were t h e n  s u b m i t t e d  t o  v a r i o u s  t r e a t m e n t s .  E« c o l i  and 
Chromati um L e x t r a c t s  were s u p e r n a t a n t s  p r e p a r e d  by 
c e n t r i f u g i n g  t h e  c e l l - f r e e  s u s p e n s i o n s  f o r  60 m in .  a t  
20 ,000  x g .  a t  4 ° .  C e l l - f r e e  s u s p e n s i o n s  of  C l .  w e l c h i i , 
-L 'h iopac i l l u s  X and b a k e r ' s  y e a s t  were c e n t r i f u g e d  a t  
j 0 , 0 0 0  r e v . / m i n .  (30 r o t o r ,  Spinco model L c e n t r i f u g e )  
and t h e  s u p e r n a t a n t  f rom  th e  Cl.. we 1 c h i i  p r e p a r a t i o n  
was d e s i g n a t e d  t h e  f r a c t i o n .  E x t r a c t s  of
T h i o b a c i l l u s  X a n d b a k e r ' s  y e a s t  and th e  C l .  w e l c h i i  
(S2 f r a c t i o n )  were o b t a i n e d  by e x t r a c t i n g  t h e  p e l l e t s  
w i t h  Tween-20—KHC0-,, t h e n  c e n t r i f u g i n g  and d i a l y s i n g  
a s  d e s c r i b e d  ( c f .  p ig  l i v e r  e x t r a c t ) .
Methods
^ F e  i s o t o p i c  a s s a y .  The ^ F e  haem, s y n t h e s i z e d  
e n z y m ic a l l y  d u r i n g  t h e  i n c u b a t i o n s  d e s c r i b e d  i n  t h e  
t e x t ,  was d i l u t e d  w i t h  20 m l .  o f  c h ic k e n  b l o o d  
(115 u m oles  of p ro  cohaem) and th e  haemin was
155
extracted and crystallized by the method of Labbe & 
Nishida (1957). Recrystallization did not alter the 
specific activity significantly. Approximately 10 mg.
of crystalline haemin was dissolved in 5 ml. of N-KOH 
and counted in a well-type Ekco (N664) scintillation 
counter; a counting efficiency of approximately 20$ 
was achieved. The amount of haem synthesized was calcul­
ated from the following equation:
Haem formed Ee++ ion added a c = x _ x _
(pm moles) (pm moles) b d
a represents no. of counts observed (counts/100 sec.), 
b represents the total counts added (counts/100 sec.),
£ represents total haem present (pm moles) and 
d represents the aliquot of haem counted (pm moles).
Since the newly synthesized haem was regarded as an 
insignificant proportion of the carrier haem, c 
represents carrier haem added (pm moles). Both c 
and d were measured by the pyridine haemochromogen 
method of Paul, Theorell & Akeson (1953).
A method for the detection of reduced porphyrin 
intermediates. Pig-liver extract (2.0 ml.) was 
incubated for 20 min. in vacuo in a Thunberg tube 
in the absence of iron salts but in the presence of 
protoporphyrin (20 pn moles), OSH (40 p moles) and
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p o t a s s i u m  p h o s p h a te  (200 p. m o le s )  a t  pH 7 . 8 .  A f t e r  
i n c u b a t i o n ,  c o n c e n t r a t e d  HC1 ( 0 . 6  m l . )  was added  and 
f o l l o w e d  by a f u r t h e r  16 m l .  of  5% HC1. The m ix tu r e  
was r a p i d l y  t r a n s f e r r e d  t o  a S p in co  t u b e  (30 r o t o r ) ,  
g a s s e d  w i t h  o x y g e n - f r e e  and t h e n  c e n t r i f u g e d  f o r  
10 m in .  a t  10 ,000 r e v . / m i n .  The c l e a r  s u p e r n a t a n t  was 
t h e n  drawn o f f  t h r o u g h  a N0- f i l l e d  l i n e  i n t o  an  e v a c u a t e d  
Thunberg  c u v e t t e  and t h e  r e a d .  A f t e r  o p e n in g
t h e  c u v e t t e ,  t h e  was r e a d  a t  i n t e r v a l s  t o  d e t e c t
p o s s i b l e  i n c r e a s e s  due t o  t h e  o x i d a t i o n  o f  t h e  s u s p e c t e d  
p o r p h y r i n o g e n  i n t e r m e d i a t e  t o  fo rm  p r o t o p o r p h y r i n .
P y r i d i n e  haemochromogen a s s a y . I n c u b a t i o n s  ( c f .  F i g .  31) 
were s to p p e d  by t h e  a d d i t i o n  o f  1 .0  m l .  of  p y r i d i n e ,  
t h e n  0 .5  ni l.  of  N-NaOH, and 1 .0  m l .  o f  w a t e r .  T h is  
a l k a l i n e  p y r i d i n e  s o l u t i o n  was d i v i d e d  between two 
c u v e t t e s  and 2 mg. Na^^^O^ added  t o  one c u v e t t e  and 
0 .0 5  m l ,  of  3 x 10"”^M-K^Fe (GN)g t o  t h e  o t h e r .  The 
r e d u c e d  minus o x i d i z e d  p y r i d i n e  haemochromogen sp e c t ru m  
was t h e n  r e c o r d e d  u s i n g  a Bausch  & Lomb S p e c t r o n i c  505 
r e c o r d i n g  s p e c t r o p h o t o m e t e r .  S y n t h e s i z e d  haem was 
c a l c u l a t e d  from t h e  f o l l o w i n g  e q u a t i o n :
Haem (pi m o le s )  = e^oT-^in!) x V x  1° 3 
where V r e p r e s e n t s  t h e  v o lu m e ( m l , )  o f  a l k a l i n e  p y r i d i n e  
s o l u t i o n  and E(<X -  m i n . )  r e p r e s e n t s  t h e  d i f f e r e n c e  i n
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extinction between the of peak and trough (cf. Table 17 ). 
Pyridine haemochromogen spectra. Pure samples of 
protohaemin, mesohaemin and deuterohaemin were dissolved 
in the alkaline pyridine reagent of Paul, Theorell & 
Skeson (1953). The concentrations of protohaem and 
mesohaem were calculated using the following 6 ^  for 
the reduced pyridine haemochromogens: protohaem, 32.0
at 557 up (de Duve, 1948) and mesohaem, 33.2 at 547 mu 
(Lemberg & Legge, 1949). The 6^. for the deuterohaem 
derivative was found to be 24.0 using weighed samples 
of deuterohaemin recrystallized to constant specific 
extinction. The 6 ^  for the reduced minus oxidized 
spectra were then determined (Table 17 ) using a Zeiss 
PMQ II spectrophotometer.
Haems formed enzymically were identified by 
reference to the reduced minus oxidized spectra of their 
pyridine haemochromogen derivatives. Reference spectra 
were obtained (Table 17) using haems prepared from the 
corresponding porphyrin by the method of Morell, Barrett 
& Clezy (1961). Spectra were recorded on a Bausch & 
Lomb Spectronic 505 spectrophotometer calibrated by 
reference to a Hg emission spectrum.
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Table 5 7
Spectra of pyridine haemochromogens
The data in Table A were obtained as described in the text and those in Table 3 
from the sources indicated.
A. Pyridine haemochromogen Reduced minus oxidized spectra
derived from: Absorption maxima and minima (mn )
c< min ft enH ~ nin* *>
Protohaem 557 541 526 20.7
Uesohaen 547 531 518 21.7
Deuterohaem 545 530.5 515 15.3
Haematohaem 549 535 519 -
Monoformyldeuterohaem 581 553 532 -
Monohydroxymethyldeuterohaea 545 534 515 -
Mono(3-)hydroxyethyl- 552 536 520 -
monovinyldeuterohaem
Chlorocruorohaem 583. 5 562 543
'
B. . Pyrid: • haemochromogen Pyridine haemochromogen soectra
J  derived from:
c(
Absorption maxima (mu)
3
&Diformyldeuterohaem 584.3 549.7
Haem a* 587 -
Haem £ 551 522
Coprohaem 545 516
* From Lemberg Sc Falk (1951).
** From the pyridine haemochromogen spectrum of cytochrome £. (cf. Morton, 1958).
*** From Orlando (1958).
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The use of reduced minus oxidized spectra has 
made it possible to determine the amount of haem formed 
without removal of unconverted porphyrin* The use 
of © (ec - min.) removes errors caused by non-specifi« 
absorption*
Though the 4-formyldeuteroporphyrin ester used 
had an absorption spectrum identical with that quoted 
by Lemberg & Falk (1951) and Parker (1959), the haem 
formed by chemical insertion of iron (Morell et al., 
1961) possessed a pyridine haemochromogen spectrum with 
maxima at 581 and 532 mu, in contrast to the 578 mu 
and 548 mu previously found (Lemberg & Falk, 1951).
The haem formed enzymically from the porphyrin, prepared 
by hydrolysis of the ester, also gave a pyridine 
haemochromogen with maxima at 581 and 532 mu* The 
presence of a single formyl group on this latter 
pyridine haemochromogen was established by formation of 
an oxime (<* peak - 560 mu)*
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Results
Part A
Studies with the soluble extract from pig-liver mitochondria 
The effect of anaerobiosis.
Time and enzyme concentration curves for ferro- 
chelatase activity were obtained in vacuo (Pig. 31 ); 
under these conditions the lag phase reported by 
Nishida & Labbe (1959) was not observed. The shape 
of the enzyme concentration curve, which was confirmed 
several times, may be due to inhibiting substances 
removed at higher concentrations of enzyme. Meso- 
porphyrin is utilized faster than protoporphyrin 
(cf. Table 23) and was used as substrate in many of the 
following experiments since it is also more stable and 
more soluble than protoporphyrin.
However, when protoporphyrin was incubated under 
a stream of oxygen-free Ng (cf. Nishida & Labbe, 1959) 
a lag phase was observed (Pig. 32 ). The abolition 
of this lag phase by preincubating a mitochondrial 
suspension with protoporphyrin (Nishida & Labbe, 1959) 
suggests the formation of an active intermediate, 
perhaps a porphyrinogen. No stimulation of haem
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TIME (min.) E N Z Y M E  (ml.)
Pig* 31 . Time and enzyme concentration curves in vacuo. 
Pig-liver extract .a s incubated at 37° in Thunberg tubes 
evacuated once (1.5 mm Hg) with mesoporphyrin (200 pm moles), 
FeSO, (400 jam. moles), G-SH (40 j& moles) and potassium 
phosphate (200 pa moles) at pH 7.8; final volume 4.2 ml.
enzyme concentration, 1.0 ml.; B, incubation period 
20 min. Broken lines represent standard assay conditions. 
Haem determined oy the pyridine haemochromogen technique.
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E N Z Y M E  CmL)
F i g .  32.  Time and  enzyme cone end rax  io n  c u r v ' s  u n d e r  Nc, . 
F i g - i i v e r  e x t r a c t  was i n c u b a t e d  a t  37L u n d e r  o x y g e n - f r e e  i\T2 
w i t h  6 .6  urn m oles  o f ' f e r r o u s  c i t r a t e  ( c o n t a i n i n g  1 yuC 
of ^ F e ) ,  FeSO/; (1 3 .4  ,um m o l e s ) ,  G-SH (40 p. r o l e s )  and 
p o t a s s i u m  p h o s p h a te  (200 u m o l e s ) ;  f i n a l  volume 3 .9  m l .
A, enzyme c o n c e n t r a t i o n ,  0 . 2  m l . ;  B, i n c u b a t i o n  p e r i o d ,
30 min.  Broken l i n e s  i n d i c a t e  s t a n d a r d  a s s a y  c o n d i t i o n s .  
Haem fg rm ed  d e te r m in e d  by t h e  i s o t o p i c  m ethod .
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formation occurred, however, when the enzyme extract 
and protoporphyrin were preincubated together in vacuo 
with G-SH as reductant (Table 18).
Labbe & Hubbard (i960) have claimed that 
ferrochelatase is a sulphydryl enzyme which can be 
activated by preincubation with G-SH. Attempts to 
repeat this result either in vacuo (Tables 18, 19) or
under ^  (Table 19) were unsuccessful.
All the results so far presented clearly show 
that haem formation in vacuo is more rapid than under 
N0. It was also found that ferrochelats.se activity 
is inhibited by air (Table 20 )• The abolition of the 
lag phase by preincubation with protoporphyrin (Nishida 
& Labbe, 1959) or with G-SH (Labbe & Hubbard, I960) may, 
like the lag phase itself, be due to the time necessary 
for the stream of Ng to remove all 0^ from the incubation 
flasks•
It is clear that Fe++ ions, not Fe++h ions, are 
used by ferrochelats.se (Table 21 )• This suggests, as 
another possible explanation of the results of Labbe & 
Hubbard, the necessity for G-SH to maintain the iron in 
the ferrous form under conditions not strictly anaerobic.
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Table 18
The effect of preincubating pig-liver extract with
protoporphyrin
The extract was preincubated with protoporphyrin 
20 uni moles and OSH (40 u moles) in vacuo for 60 min. at 
37° in Thunberg tubes. The reactions (30 min. ) were then 
started by tipping ^ F e ++ (20 urn moles) from the side-arm. 
Incubation conditions were otherwise identical to those 
described in Fig. 32.
Preincubation conditions Haem formed
(pm moles/ml. enzyme/hr.)
Enzyme plus protoporphyrin 
Enzyme minus protoporphyrin
1 8 .6 , 13.6 
17.2, 16.3
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Table 19
The effect of preincubating the extract 
with GSH
The extract (0.2 ml.) was preincubated for 15 min. 
at 37?gin the presence or absence of GSH (40 ^  moles) 
with He (20 pun moles and potassium phosphate (200 ,u moles) 
at pH 7.8. After preincubation, protoporphyrin (20 pm 
moles) was added to all flasks and in addition GSH 
(40 p moles) was added to flasks 1 and 3; all flasks 
were then incubated for a further 15 min. at 37°.
flask
No. Preincubation Incubation
%e} Proto haem 
formed (pm moles)
1 Enzyme; N2 N2 0.04
2 Enzyme, GSH; Np n 2 0.05
3 Enzyme; in vacuo in vacuo 0.44
4 Enzyme, GSH; in vacuo in vacuo 0.36
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Table 20
Inhibition of ferrochelatase by aerobiosis
The extract was incubated (cf. Fig. 31) with 
mesoporphyrin both aerobically and in vacuo. Mesohaem 
formed was measured by the pyridine haemochromogen method.
Conditions Incubation period 
(min. )
Mesohaem formed 
(am moles)
In vacuo 20 60.5
In vacuo 40 122.5
Aerobic 20 0
Aerobic 40 0
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T ab le  21 
+ + + ++E f f e c t  o f  GSH, Ee ' and  Ee i o n s  on mesohaem fo rm a t io n «
The e x t r a c t  ( 1 . 0  m l . )  was i n c u b a t e d  f o r  30 min. a t  
37° i n  vacuo i n  a  Thunberg t u b e  w i t h  m e s o p o rp h y r in  (200 
urn m o le s )  and p o t a s s iu m  p h o s p h a t e  (200 p m o le s )  a t  pH 7 . 8 ;  
f i n a l  volume, 4 .2  ml. R e a c t i o n s  were s t a r t e d  by t i p p i n g  
400 urn moles o f  i r o n  s a l t  f rom t h e  s i d e - a r m .  Mesohaem 
formed was m easured  by t h e  p y r i d i n e  haemochromogen method.
A d d i t io n s Mesohaem formed 
(am m o le s )
PeSO.. 3 3 .8
PeS04 ; GSH (40 u m o le s ) 27 .6
P e C l3 . 0
EeCl^;  GSH (40 ja m o le s ) 2 9 .8
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Porphyrinogens as substrates»
It was interesting to test directly whether 
porphyrinogens can serve as substrates for the pig-liver 
extract. This hypothesis is attractive in view of the 
known importance of porphyrinogens in haem biosynthesis. 
It is now clear (Table 22) that the porphyrinogens 
do not serve as substrates of ferrochelatase. In these 
experiments mesoporphyrinogen was used since it is 
difficult to reduce protoporphyrin to the porphyrinogen 
without concurrent reduction of its vinyl groups 
(cf. Sano & G-ranick, 1961).
It was impossible also, using the technique 
described, to demonstrate the formation of a reduced 
porphyrin when the enzyme preparation was incubated 
anaerobically with G-SH and protoporphyrin in the 
absence of Fe++ ions (see Methods). This method has 
been used successfully to detect reduced porphyrins 
(Hoare & Heath, 1958 a; Porra & Falk, 1961; this 
thesis, Chapter III).
The effect of Emasol 4130 on porphyrin solubility.
In the porphyrin specificity study described 
later, many of the porphyrins are poorly soluble in 
aqueous media at the pH and concentrations employed.
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Table 22
Comparisons of mesoporphyrin and mesoporphyrinogen
as substrates
The extract (1,0 ml.) was incubated (cf. Pig. 31) 
with the tetrapyrrole (200 urn moles) for 40 min. as shown. 
Mesohaem formed was measured by the pyridine.haemochromogen 
method.
Experiment Substrate Conditions Mesohaem formed 
(urn moles)
1 Mesoporphyrin In vacuo 89.9
Mesoporphyrinogen In vacuo 0
2 Mesoporphyrin In vacuo 112.3
Mesoporphyrin Aerobic 0
Mesoporphyrinogen Aerobic 0
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For this reason it was necessary to use a solubility 
aid and the non-ionic detergent, Emasol 4130, was
found to give satisfactory results*
ev
The spectrum of "solution " of protoporphyrin 
in 0.5N-NH^0H, after adjusting to pH 7*8 with HC1, is 
shown in Fig* 33A. (spectrum 3)* Comparison with the 
spectrum in alkaline pyridine (spectrum l), in which 
porphyrins are completely soluble, shows that in neutral 
aqueous medium at pH 7.8 the porphyrin is only partly 
dissolved. Close inspection of this solution reveals 
the presence of fine particles suspended in a highly 
coloured solution. In the presence of 1$ Emasol 
(spectrum 2) the solution was optically clear, and the 
spectrum was similar to that found in alkaline pyridine.
The solubility of protoporphyrin at pH 7.8 
increases as the Emasol 4130 concentration increases 
from 0 to (Fig. 83B) and is unaffected by pH in the 
presence of 1% Emasol 4130 (Fig. 33 C).
The effect of Emasol 4130 upon haem formation.
The effect of various concentrations of Emasol 
4130 upon enzymic mesohaem and protohaem formation is 
shown in Fig. 34-.
Low (0.1 io) concentrations of Emasol 4130 slightly 
enhance mesohaem formation, presumably by increasing
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WAVELENGTH (mp)
F i g .  33.  E f f e c t  of  Emasol 4130 on p r o t o p o r p h y r i n  s p e c t r a .
A, v i s i b l e  s p e c t r a  of  p r o t o p o r p h y r i n  s o l u t i o n s  (220 p^m m o l e s /
4 . 2  m l , ) :  1, i n  a l k a l i n e  p y r i d i n e  ; 2, i n  1 c/o Emasol ,  pH 7 . 3 ;
3, i n  0 .0 5  M -phosphate  b u f f e r  pH 7 . 8 .  B, band IV of s o l u t i o n s  
( 1 2 8 'pun m o l e s / 4 . 2  m l . )  a t  pH 7 . 8 :  4, i n  Emasol ;  5, i n  0.55«
Emasol ;  6, i n  0 , l /o  Em aso l .  0, band IV o f  s o l u t i o n s  (128 am m oles /
4 . 2  m l . )  i n  1 f/o Emasol:  7 ,  a t  pH 9 . 2 ;  8, a t  pH 7 . 8 .
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T i M E  Cmin. )
P i g .  34. E f f e c t  of Emasol 4130 on t h e  enzymic f o r m a t i o n  of  
haems. Mesohaem f o r m a t i o n  ( s o l i d  sym bols)  was m easured  u n a e r
s t a n d a r d  a s s a y  c o n d i t i o n s  ( c f .  P i g .  31)* ^  ’ 0 * ’
O , 1 .0 io. P ro tohaem  f o r m a t i o n  (open sym bols)  was m easured
i n  t h e  p r e s e n c e  of  e x t r a c t  ( 2 . 0  m l . )  a l s o  und e r  s t a n d a r d  a ^ a y  
c o n d i t i o n s :  □  , 0 ;  A , 0 .3*5  O , 1*- Haem d e te rm in e d
b y  t h e  p y r i d i n e  haemochromogen m ethod .
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the concentration of soluble substrate. At higher 
concentrations this stimulation is partly reversed, 
possibly by an inhibitory effect of the detergent upon 
the enzyme.
Protohaem formation is partly inhibited at the 
higher concentrations of Emasol 4130 required to increase 
protoporphyrin solubility substantially. This detergent 
was, nevertheless, found to be useful in the specificity 
studies described in Table 23 since porphyrin a, chloro- 
cruoroporphyrin, monoformyldeuteroporphyrin and diformyl- 
deuteroporphyrin are even less soluble than protoporphyrin. 
The specificity of the pig-liver extract.
The results of a study of the porphyrin specificity 
of the pig-liver extract (Methods) are shown in Table 23*
In order that a comparison of rates of haem formation 
could be made, and the effects of various substituents 
upon enzymic haem formation could be assessed, all 
incubations were performed with 1$ Emasol 4130.
The pK^ values shown in Table 23 are defined 
as follows (cf. Phillips, I960).
pKh = pH - log 
J PH3
where PH^ represents the neutral porphyrin and PH^
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T a b la _ 2 3
The p o rp h y rin  s p e c i f i c i t y  o f  a -p ig - liv e r  e x t r a c t  
P i g - l i v e r  e x t r a c t  (1 .0  m l) was in c u b a te d  w ith  th e  s p e c i f ie d  porphyrins (200 u m oles) in  the  
p re sen ce  o f 1^ Emasol 4130; th e  in c u b a tio n  c o n d it io n s  a re  otherw ise  id o n tio a l  to  th o se  in  P i g . -3 1 
Haems were i d e n t i f i e d  and m easured by t h e i r  p y r id in e  haemochromogen sp ec tra . Haea form ation i s  
e x p ressed  a s  urn m o les/2 0  m in . / l .O  m l. enzyme. S id e -c h a in  a b b re v ia t io n s  a re  l i s t e d  on p. r i i i .
PORPHYRIN
1
SU3STITUTNT3 
2 3 4
AT POSITIONS 1 
5 6 7
-8
8
HAOi
FORMATION pK3*
L e u te ro - M H it H M ? P M 182 .8 5.63
Meso- (IX) M E It E M P P U 59 .3 5 .94
Meso- ( I ) U E u E U P U P 48.2 -
Haemato— M EOH u EOH M P P u 29.0** 5 .22
M onoform yldeutero— M H it P U P P u 12.5** 3 .9
M opphydroxym ethyldeutero- M H M MOH M P P u 9.5** -
B .V .D .P . U EOH u V it P P u 6 . 0 * * -
P ro to - U V M V U P P it 3 .9 4 .8 9
C h lo ro cru o ro — M P M V M P P M ****+ 3.04*** *
D ifo rm y ld e u te ro - M P U p M P P M 0 2 .9
P o rp h y rin  a M X M Y M P P P 0 3 .4
P o rp h y rin  a  a lc o h o l it X M Y M P P MOH 0 -
C cpro- u p K P M P P it 0 -
P o rp h y rin  _c M z M Z M P P M 0 -
P y rro - M E It E U H P M 0
* P h i l l i p s  (1S62).
** The haem form ed was c a lc u la te d  assum ing an 6 ^  (* -  m in) o f 2 1 .7 ; t h i s  b e in g  th e  v a lu e  
f o r  th e  m eso- d e r iv a t iv e .
+** T alk  * P h i l l i p s  (1 9 6 2 ).
**** A ccurate  e s t im a tio n  o f  th e  sm a ll amount o f  ch lo rocruorohaem  form ed was n o t p o s s ib le  in  
th e  p re sen ce  o f endogenous protohaem .
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represents the monocation formed by the addition of a 
single hydrogen ion to an imino type nitrogen. The 
pKo may be used as an index of the electrophilic nature 
of the 8-substituents on the porphyrin nucleus. The 
more electrophilic these substituents the lower the 
PK3.
The pH optima for enzymic mesohaem and protohaem formation.
The pH curve for mesohaem formation shows a peak 
at pH 7.8 and a shoulder at pH 9.0, (Pig. 35 A), while 
that for protohaem formation reveals two peaks; one 
at pH 7.9 and a higher peak at pH 8.9 (Pig. 35B),
To eliminate the possibility that the increased 
activity at pH 9 might be due to the effect of pH on 
the solubility of porphyrins, all incubations were 
performed in the presence of Emasol 4130 (cf. Pig. 330).
Since the unusual shape of these curves might be 
caused by concurrent enzymic and non-enzymic haem forma- 
tion, the insertion of Pe ions into meso-, proto- and 
monoformyldeuteroporphyrins was studied at pH 7.8 and 9.0 
in the absence of enzyme but otherwise under conditions 
identical to those of Pig. 35 . No haem formation was 
observed with any of these porphyrins and since they 
represent a wide range of pK^ values, it is unlikely that
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pH
P i g .  33 . E f f e c t  of pH on f e r r o c h e i s t a s e  a c t i v i t y .
Me & oha em f o r m a t i o n  (A) was m ea su re d  ’an d er  s t a n d a r d  a s s a y  
c o n d i t i o n s  ( c f .  P i g .  3 1 ) .  P ro to h aem  f o r m a t i o n  (3)  was 
m easu red  i n  t h e  p r e s e n c e  of  e x t r a c t  ( 2 . 0  m l . )  f o r  40 min.  
u n d e r  s t a n d a r d  c o n d i t i o n s  ( c f .  P i g .  31 ) .  Haem d e t e r m i n e d  
."by t h e  ■ y r i d i n e  haemochromogen m ethod ,  -7-l-l m c u u u  Mo.co 
c o n t a i n e d  1$ Emasol  4130.
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any non-enzymic haem formation occurs with any of the 
substrates listed in Table 23.
Consideration of the ionization behaviour of 
porphyrins, a field recently reviewed by Phillips 
(1958, I960), shows that the pyrrole N atoms of both 
meso- and proto- porphyrins are almost completely un­
ionized at both pH 7.8 and 9.0 (Table 24) thus failing 
to reveal an explanation for the stimulation of meso- 
and proto- haem formation near pH 9.0. The carboxyl 
groups of both porphyrins would be completely ionized 
at these pH values.
It is possible, therefore, that the pH curves 
might be explained by the presence of several enzymes 
in the pig-liver extract with different pH optima and
capable of utilizing both meso- and proto- porphyrins.
59Fe exchange reaction.
Pig-liver extract (1.0 ml.), when incubated at
r\37 in vacuo in a Thunberg tube for 1 hr. with proto- 
haemin (15 u moles), [/^ Fe] ferric citrate (6.6 urn 
moles; 1uC) under conditions otherwise identical to 
those of Fig. 32 , catalysed the exchange of 1.251° of 
the added ^Fe++. No exchange was observed when 
boiled extracts were used. Likewise, no exchange was 
observed when the protohaem was replaced by haemo­
globin (equivalent to 8 u moles haem).
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Table 24
The percentage of porphyrin monocation 
at various pH values
PORPHYRIN pK^
PORPHYRIN MONOCATION (#) AT pH
7.8 9.0 7.9 8.9
Me so- 5.94 0.2 0.1 - -
Proto- 4.89 - - 0.1 0.1
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The stabilizing effect of the protein upon the 
complexed iron may be responsible for the stimulation 
of haem formation by globin (Schwartz, Hill, Cartwright 
& Wintrobe, 1959). Increased solubility of proto­
porphyrin in the presence of globin may also contribute 
to this stimulation (cf. Heikel, Lockwood & Rimington,
1958)o
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Part B
Experiments with ferrochelatase extracts from various
sources
The presence of ferrochelatase activity in micro-organisms.
If ferrochelatase participates in the biosynthesis 
of haemoprot eins other than haemoglobin, it should be 
present in non-haemopoietic organisms containing other 
haemoproteins. The study of ferrochelatase in the 
past has been confined mainly to preparations from avian 
erythrocytes and mammalian tissues.
A brief survey has revealed the presence of ferro- 
chelatase in extracts of several micro-organisms (Table 25).
Thiobacillus X contains a high concentration of a 
cytochrome, which on conversion to a pyridine haemo- 
chromogen, possesses an peak at 550 mu. Monoformyl- 
deuteroporphyrin was therefore used as substrate in an 
attempt to form a haem which could be easily distinguished 
from the endogenous cytochrome. The failure of the 
Thiobacillus extract to utilize monoformyldeuteroporphyrin 
stimulated the investigation of the ability of ferro- 
chelatase extracts from other organisms to use the same 
porphyrin (Table 25).
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J
Table, 2 5
Distribution of ferrochelatase
Various extracts (see Methods) were incubated i_n vacuo in the amounts specified 
with either mesoporphyrin (200 um moles) or moncformyldeuteroporphyrin (200 urn moles) 
for the periods shewn. Incubation conditions were otherwise identical to those in 
Fig. -’)• Haem formation was measured by the pyridine haemochrcmogen method. Boiled 
extracts exhibited no activity.
Extract
from:
Substrate
porphyrin
Time 
(min.)
Enzyme 
(ml.)
Haem 
formed 
(urn moles)
Protein 
cone, 
(mg,/ml.)
*Specifio
activity
Baker's yeast Meso— 40 1.0 89.9 15.0 3.0
E. coli Meso- 60 2.0 23.2 18.3 0.21
Pig-liver Meso- 40 1.0 97.3 18.0 2.43
Monoformyldeutero- 60 2.0 74.7** 18.0 -
Thiobacillus I . Meso- 60 2.0 61.4 5.5 1.86
Monoformyldeutero— 60 2 0 0 5.5 -
Chromatium D Meso- 60 2.0 103.8 12.9 2.68
Cl. welchii
Monoformyldeutero 60 2.0 0 12.9
S1 Praction Meso- 60 1.5 0 13.5 0
S2 Praotion Meso- 60 1.5 0 2.3 0
* Specific aotivity is expressed as urn moles of mnsohaem formed per mg. of protein per 20 min.
** Thi* hasa was calculated as mesohaemochromogen; e^M («< - min.) ■ 21.7.
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Haem formation by aged extracts.
Interesting results Have been obtained with 
various ferrochelatase extracts aged at -15° for 
several months. An aged pig-liver extract was found 
to convert monoformyldeuteroporphyrin not to monoformyl- 
deuteroHaem (cf. Table 25 ) with pyridine Haemochromogen 
peaks at 581 mu and 532 mp,, but to another haem with 
pyridine haemochromogen peaks at 562.5 mu and 526 mp,. 
Similarly after incubation of an aged yeast extract with 
chlorocruoroporphyrin a haem was formed with pyridine 
haemochromogen peaks at 567 mp, and 532 mp,. The pyridine 
haemochromogen peaks of chlorocruorohaem appear at 
583.5 mp, and 543 mp, (cf. Table 17 ). No control has 
been performed with a fresh yeast extract. Several 
explanations are possible: the formation of Schiff’s
bases between formyl groups of the haems and the amino 
groups of some denatured protein, or some other 
modification of the side-chains before or after the 
incorporation of iron into the porphyrins. The spectra 
obtained resemble those obtained by Lemberg & Newton 
(1961) for Schiff’s bases of formyl haems with denatured 
protein.
The result obtained with chlorocruoroporphyrin
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m ight  be e x p l a i n e d  by t h e  f o r m a t i o n  o f  a  haem i n  which 
t h e  fo rm y l  g ro u p  h a s  been  r e d u c e d  t o  a h y d ro x y m eth y l  
group  and  i n  w hich  t h e  v i n y l  g roup  h as  b een  c o n v e r t e d ,  
by a  h y d r a t i o n  r e a c t i o n  f o l l o w e d  by t h e  r em o v a l  of 
two hydrogen  a to m s ,  t o  y i e l d  an a c e t y l  s i d e - c h a i n .
The p y r i d i n e  haemochromogen o f  m o n o a c e ty ld e u te ro h a e m  
p o s s e s s e s  peak s  a t  571 mjj, and 530 mu (Lemberg & F a l k ,  
1 9 5 1 ) .  I t  i s  r e a s o n a b l e  t o  assume t h a t  t h e  p y r i d i n e  
haemochromogen o f  t h e  p o s t u l a t e d  m onohydroxym ethy l-  
m o n o a c e ty l - d e u te r o h a e m  would have  s i m i l a r  peaks*
•i
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D i s c u s s i o n
The r e d u c t i o n  s t a t e  o f  t h e  p o r p h y r i n  s u b s t r a t e .
The s t u d i e s  d e s c r i b e d  d e m o n s t r a te  t h a t  t h e  
p o r p h y r i n s ,  b u t  n o t  t h e  p o r p h y r i n o g e n s ,  a r e  t h e  s u b s t r a t e s  
f o r  enzymic i r o n  i n c o r p o r a t i o n .  I t  h a s  b een  r e p o r t e d
by T a i t  & Gibson (1961) t h a t  M g - p r o t o p o r p h y r in  a n d ,  t o  a 
much l e s s e r  e x t e n t ,  p r o t o p o r p h y r i n  a r e  s u b s t r a t e s  f o r  
enzymic m e t h y l a t i o n s  by Chrom atophores  o f  R p s . s p h e r o i d e s , 
P r o t o p o r p h y r i n o g e n  was n o t  u t i l i z e d  a t  a l l  even th o u g h  
Mg++ i o n s  were p r e s e n t  and i t  would be i n t e r e s t i n g  t o  
d e te r m in e  w h e th e r  t h i s  i s  a l s o  due t o  t h e  f a i l u r e  of 
t h e  C hrom atophores  t o  i n t r o d u c e  m e t a l  i o n s  (Mg++) i n t o  
p r o t  o p o r p h y r i n o g e n .
The e f f e c t  o f  o x y g e n .
The t o t a l  i n h i b i t i o n  of  f e r r o c h e l a t a s e  a c t i v i t y  
i n  s o l u b l e  e x t r a c t s  by  a i r  i s  i n t e r e s t i n g  i n  v iew of 
t h e  many exam ples  of  a e r o b i c  haem b i o s y n t h e s i s  i n  
a v i a n  e r y t h r o c y t e s ,  c rude  h a e m o ly s a t e s  and l i v e r  
hom o g en a te s .  I t  i s  p o s s i b l e  t h a t  t h e r e  may be s e c o n d a r y  
o x i d a t i v e  p r o c e s s e s  i n  t h e s e  c ru d e  p r e p a r a t i o n s  which 
m a i n t a i n  a n a e r o b i c  c o n d i t i o n s  a t  t h e  s i t e  o f  haem 
fo rm at  i o n .
S in ce  t h e  o x i d a t i v e  c o n v e r s i o n  of c o p r o p o r p h y r in o g e n
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to protoporphyrin immediately precedes the oxygen- 
sensitive ferrochelatase reaction, it appears that 
widely differing conditions of oxygen tension may be 
maintained within the mitochondrion.
The porphyrin specificity of pig-liver extracts.
Deuteroporphyrin was consumed at a faster rate 
than any other porphyrin used in these studies (Table 23). 
This result confirms the finding of Labbe & Hubbard 
(1961 a) and again demonstrates that vinyl groups are 
not essential for haem formation as previously suggested 
by Granick & Gilder (1946).
The rates of haem formation observed with meso-, 
haemato-, proto-, chlorocruoro~ and diformyldeutero- 
porphyrins (Table 23) decrease as the electronegativity 
of the ß-substituents increases. This has been found 
to be true also of non-enzymic metallo-porphyrin 
formation (cf. Phillips, 1962). The results obtained 
(Table 23 ) with deutero-, monoformyldeutero- and 
monohydroxymethyldeutero- porphyrins, however, do not 
fit with this scheme.
It is an interesting feature of the pig-liver 
extract that it uses protoporphyrin, a naturally occurring 
porphyrin and known substrate of enzymic protohaem
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formation, much less rapidly than many porphyrins which 
do not occur in nature (cf. Table 23).
The extract was unable to convert porphyrin a 
or its alcohol to haems. To test for possible steric 
interference by the long alkyl chains at positions 2 
and 4, it would be interesting to observe the effect 
upon haem formation of the substitution of a formyl 
group at position 8 of BVDP (see Table 23).
The failure to incorporate iron into porphyrin a 
may be due to the failure to extract the required 
enzyme from pig-liver mitochondria or may indicate that 
the biosynthesis of haem a involves the incorporation 
of iron into another porphyrin, before all the necessary 
side-chain modifications have occurred.
The pig-liver extract was also unable to convert 
porphyrin c to haem c. Haem £ is a bis-cysteine 
adduct of protohaem (Pig. 13(21)) and is not the 
prosthetic group of cytochrome c since cytochrome c 
may be regarded as the adduct of protohaem with two 
cysteine units in a polypeptide chain of apocytochrome c. 
The failure to obtain enzymic haem c formation from 
porphyrin c supports the view that this porphyrin is 
not involved in the biosynthesis of cytochrome £, which
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may for example be accomplished by an addition reaction 
between protohaem and apocytochrome c. Sano & Granick 
(1961), however, have suggested that protoporphyrinogen 
reacts with apocytochrome c followed by the insertion 
of Fe++ ions into this protein-bound porphyrinogen or 
its porphyrin derivative. Protein-bound porphyrins 
have been found associated with the conversion of copro­
porphyrinogen to protoporphyrin by soluble beef liver 
coprogen-ase extracts (Porra & Falk, 1961; this thesis, 
Chapter III).
Coproporphyrin, like porphyrin £, is a tetracarboxyl 
porphyrin and it was not utilized by the pig-liver extract.
It appeared during these studies that the possession 
of vicinal propionic acid side-chains might be essential 
for enzymic activity. It was found that pyrroporphyrin XV, 
a monocarboxylic porphyrin, was not used by the enzyme.
Later experiments, however, showing mesohaem I formation 
failed to support this hypothesis.
The distribution ojf ferrochelatase in micro-organisms.
The presence of ferrochelatase in liver mitochondria, 
which are rich in cytochromes, suggested the participation 
of ferrochelatase in the biosynthesis of cytochrome
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prosthetic groups (cf. Nishida & Labbe, 1959)*
Since the liver functions as a haemopoietic 
tissue in foetal life and in certain pathological 
conditions of adult life, more convincing evidence 
for the participation of ferrochelatase in the synthesis 
of haemoproteins, other than haemoglobin, was sought 
using micro-organisms known to contain no haemoglobin 
(see Table 25 )# The presence of ferrochelatase in 
micro-organisms was implied by the work of G-ranick &
Gilder (1946) who showed that a growth requirement of 
Haemophilus influenzae for haem could be replaced by proto­
porphyrin and by that of Lascelles (1956 b) who demon­
strated protohaem formation in Rps. spheroides.
The results in Table 25 show that no ferrochelatase 
activity could be found in Cl. welchii, an organism which 
is reputed to contain no cytochromes and possibly no other 
haemoproteins (cf. Newton & Kamen, 1961). Ferrochelatase 
was found to be present in cells containing haemoproteins, 
but no haemoglobin, such as baker's yeast, E. coli, 
Thiobacillus X and Chromatium D.
More conclusive evidence for the participation 
of ferrochelatase in cytochrome biosynthesis may be 
furnished by future experiments in which it is planned
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to compare the ferrochelatase activity of cell-free 
extracts of Thiobacillus novellus at intervals in the 
adaptation from heterotrophic to autotrophic growth 
during which time the cytochrome content increases 
markedly.
Qhromatium D and Thiobacillus X extracts, unlike 
that from pig-liver, are unable to convert monoformyl- 
deuteroporphyrin to the corresponding haem and thus 
demonstrates the presence of different ferrochelatases 
in nature. Since it has not yet been possible to 
detect cytochrome a in either Qhromatium D (cf. Newton 
& Kamen, 1961) or Thiobacillus X (P.A. Trudinger; 
private communication) it is possible that neither of
these organisms possess a ferrochelatase which can
*
convert formyl porphyrins to haems. However, it is 
not yet known if the iron of haem a is inserted before 
or after the formation of the formyl group, which unlike 
that of 4-monoformyldeuteroporphyrin, occurs at position 8 
of the porphyrin nucleus.
Evidence for the occurrence of different ferrochelatases.
The presence in various organisms of ferrochelatases, 
differing in their porphyrin specificity, has not been 
previously demonstrated. The results of the pH study
* See Addendum p .193
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indicate that even in a single species there may he 
several ferrochelatases.
While it still remains to be proved whether the 
rate of haem formation from various porphyrins by a 
single purified ferrochela.tase decreases with decrease 
in pK^, 'the presence of several enzymes with different 
specificity could explain the failure of deutero-, 
monoformyldeutero- and monohydroxymethyldeutero- 
porphyrins to fit this hypothesis (Table 23 )• The 
rates of haem formation observed in the presence of 
the pig-liver extract, therefore, may not indicate the 
effect of ß-substituents of the porphyrin nucleus on 
haem formation but reflect the concentrations of the 
different ferrochelatases present in the extract.
This matter may be resolved by enzyme purification 
and work along these lines is planned.
Summary
1. A rapid and convenient assay for ferrochelatase, 
using the pyridine haemochromogens of the newly synthesized 
haems, has been described.
2. The preparation of soluble ferrochelatase extracts 
from pig-liver mitochondria, baker’s yeast, E. coli,
191
Thiobacillus X and Chromatium D has been described.
No ferrochelatase activity was detected in Cl. welchii.
3. Pig-liver extract exhibits a different porphyrin 
specificity from those observed with Thiobacillus X 
and Chromatium D.
4. Fresh pig-liver extract converted deutero-, meso- IX, 
meso- I, haemato-, monoformyldeutero-, BVDP, proto- and 
chlorocruoroporphyrins to the corresponding haems.
Porphyrin a, diformyldeuteroporphyrin and the two tetra- 
carboxyl porphyrins, porphyrin c and coproporphyrin,
and the monocarboxyl porphyrin, pyrroporphyrin XV, were 
not used by the extract.
5. The haems formed by an aged pig-liver extract 
differ from those formed by fresh extracts and a similar 
result has been observed with an aged baker*s yeast 
extract.
6. The complete inhibition of ferrochelatase activity
in the pig-liver extract by aerobiosis has been demonstrated. 
7o It has been shown that Fe ions are essential for 
the ferrochelatase reaction and that G-SH only stimulates 
the reaction when Fe+++ ions are present.
8o The effect of Emasol 4130 upon porphyrin solubility 
and ferrochelatase activity has been described.
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9® The pH curves for both meso- and proto- haem 
formation by pig-liver extract were, asymmetrical, 
suggesting the presence of several ferrochelatases 
with different pH optima.
10. The pig-liver extract will not catalyse the exchange 
of Fe++ ions with haemoglobin but the reversibility of 
haem formation from protoporphyrin has been demonstrated.
11. Some evidence has been obtained for the existence
of several forms of ferrochelatase in different organisms; 
it appears that pig-liver extract itself may contain more 
than one form of ferrochelatase.
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Addendum
E x t r a c t s  from f r e s h  c e l l s  of T h i o b a c i l l u s  X, 
u n l i k e  t h o s e  f rom  s t o r e d  c e l l s  (C h a p te r  IV) ,  c o n v e r t  
4 -m o n o fo rm y ld eu te r o p o r p h y r i n  t o  t h e  c o r r e s p o n d i n g  haem 
( c f ,  T ab le  2 5 ) ;  t h e  enzyme r e s p o n s i b l e  f o r  t h i s  con­
v e r s i o n  may t h u s  have been  d e s t r o y e d  d u r i n g  s t o r a g e .
I t  has  been  fou n d  t h a t  e x t r a c t s  of  f r e s h  T h i o b a c i l l u s  
X c e l l s ,  grown i n  a d i f f e r e n t  medium and by  a c o n t in u o u s  
c u l t u r e  m ethod ,  a l s o  c a t a l y s e  t h e  f o r m a t i o n  of 4-mono- 
f  o rm yldeu t  e r  o haem. These c e l l s  have a band a t  ca . 615 myu
a f t e r  t r e a t m e n t  w i t h  d i t h i o n i t e ,  s u g g e s t i n g  a cy tochrome a -  
t y p e  pigment  ( c f .  cy tochrome a^  of A c e t o b a c t e r  p e r o x y d a n s ; 
Morton  (195Ö )) .  Thus t h e  g row th  c o n d i t i o n s  of  
T h i o b a c i l l u s  X may i n f l u e n c e  i t s  cy tochrome c o n t e n t .
The cytochrome a^  c o n t e n t  o f  some b a c t e r i a l  c e l l s  
v a r i e s  d u r i n g  th e  s t a g e s  of g rowth  ( c f .  Sm i th ,  19 6 1 ) .
I t  would be i n t e r e s t i n g ,  t h e r e f o r e ,  t o  examine 
T h i o b a c i l l u s  X c e l l s  a t  d i f f e r e n t  s t a g e s  o f  g rowth  and 
t o  compare t h e i r  c o n t e n t  of t h e  m a t e r i a l  a b s o r b i n g  a t  
615 mu and t h e i r  a b i l i t y  t o  form 4 -m o n o fo rm y ld eu te r ohaem.
S m ith ,  L. (1 9 6 1 ) .  i n  The B a c t e r i a ,p  3 6 5 .Ed. I . C .  Gunsalus
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The biosynthesis of porphyrins and haems. 
R.J. Porra
p.6. line 3.
for the monopyrrole precursor (Pig. 1, (1)) would likewise 
bear acetic- and propionic- acid side-chains, read the 
monopyrrole precursor, which at that time was unknown, 
would likewise bear acetic- and propionic- acid side- 
chains and thus resemble the structure (1) shown in 
Pig. 1 (see Chap. I, section 8).
p.41. line 5
for (opsopyrrole-2-aldehyde) read (opsopyrrole-dicarboxylic 
acid-2-aldehyde).
p.42. line 5
for Markahm read Markham
p.45* line 12
for Neve read Neve
p.45* line 18 
for minimize read exclude
p.67. line 17
for At the end of incubation the haem present, read
At the end of incubation and after extraction of the 
porphyrins the haem present,
p.97a, Pig. 21.
add to legend 1, chlorophyll; 2, coproporphyrin;
3, haem; 4, protoporphyrin.
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